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for National Defense 


The waste of energy, manpower and materials expended by drilling dry holes 
on locations made without benefit of scientific selection, is inexcusable during 


this time of national emergency. 


Every wildcat, every offset location should be drilled only if our most modern 
means of prospecting indicate a reasonable chance for success. This is con- 


servation for national defense. 


The generally accepted and most accurate method for structural evaluation 
is the reflection seismograph. Make certain that all your wildcat and offset 
locations, depending on structural accumulation, are properly located on an 


SS C Continuous Profiled Seismic Survey. Conserve for national defense. 
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"Much has been written on the origin of oil... 
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One Sure Way... 


you can beat the Guessing Game 


Don’t Guess when completing an oil well! 


PERATORS both large and small, in increasing 

numbers, are seeing for themselves that there is 

no adequate substitute for a careful, scientific analysis 

of cores made at the well as coring progresses. Only in 

this way can the operator be assured of reliable and prompt (usually with- 

in 3 hours) information upon which to make his decisions regarding com- 
pletion, production and evaluation problems. 


Core Laboratories, Inc., offers its clients (1) a back-ground of experi- 
ence covering most of the oil producing areas of the United States; (2) a 
nation-wide service of completely equipped portable lab- 
oratories available at most drilling sites in the U. S. A. on 


Laboratories Inc. 


ble 1 

Complele Labonalny Analysis at 
it 

GENERAL OFFICES-SANTA FE BLDG., DALLAS the United States. 


Base Points Following Cities: 
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AUXILIARY CHEMICALS 


THAT GET 


RESULTS! 


Auxiliary chemicals are important ad- 
juncts to the technique of acidizing oil 
and gas wells. Their use assures certain 
specific and desired results. Every 
Dowell treater has available for selec- 
tion and use any of the following 
auxiliary chemicals: 


1. DOWELL "XR"—Sustained Action 
Acid—INHIBITED acid with retard- 
ing agents added. "XR" sustains 
reaction rates on pure, fast acting 
limestone formations. 


2. DOWELL "XX"—Intensified Acid 
—an INHIBITED acid with Inten- 
sifying agents. "XX" is used to 
increase the reaction rates on dol- 
omitic and other slow acting for- 
mations. 


3. DOWELL "XW" SERIES—Non- 
emulsifying Acids: A family of 
INHIBITED acids with wetting and 
emulsion preventing properties. 
Specific acids in this series are used 
in treating formations sontainir 
viscous or easily emulsified oil. 


4. DOWELL "XF" SERIES —Free 


Flowing Acids—A family of IN- 
HIBITED acids which render un- 
spent and spent acid solutions 
"free flowing.” 


The importance of auxiliary chemicals 
and the complete knowledge of their 
use is demonstrated by the following 
report given by a major operator. 
"Eighty-five wells were scheduled for 
treatment. On the first 65 wells the 
usual rule of 5,000 gallons of a Dowell 
F Series acid was used in treating. 
Beginning on No. 66 and continuing 
on through No. 85, the wells were 
treated with a combination of Dowell 
"W" and "F" Series Acid solutions. 
Although the last 20 wells were going 
off structure, and many times, only 
3,000 gallons of acid were used to 
avoid the water hazard, potentials 
were up 11% and bad oil reduced 
from 200-400 barrels to an average of 
65 barrels per treatment." 

DOWELL INCORPORATED 
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Subsidiary of The Dow Chemical Company 


OIL AND GAS WEL!" CHEMICAL SERVICE 
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SOME SILURIAN CORRELATIONS IN LOWER 
MISSISSIPPI DRAINAGE BASIN! 


JOHN R. BALL? 
Evanston, Illinois 


ABSTRACT 


The Silurian strata considered in this paper crop out in the bluffs and adjacent up- 
lands of the lower Mississippi River drainage basin. Striking lithology characterizes a 
part of the Niagaran section in the area. It includes chiefly the argillaceous composition 
and the reddish color of the rocks. The argillaceous nature of the beds is incorporated in 
shaly limestones, not in preponderant shales. The red color is modified by greenish gray 
mottling on the bedding surfaces and by aggregates of that color within the rock. The 
red shales, clays, and argillaceous limestones of the Dixon formation of west Tennessee 
are typical of the variegated Niagaran beds elsewhere in the region. Dixon lithology, 
alone, does not support ultimate correlations, everywhere, however. 

This paper deals with possible Niagaran correlations between west Tennessee, 
southwest Illinois, and southeast Missouri, with some attention devoted to the Niag- 
aran in northeast Arkansas and in the Arbuckle Mountains. The suggested correlations 
rest chiefly on lithology and stratigraphic relations. The known fossil evidence, with 
possibly one exception, is not in striking contradiction to the criteria used. Summer field 
work has been in progress since 1938. A stratigraphic table embodying some of the pos- 
sible applications of the study in analysis of Silurian rocks in southwest Illinois and 
southeast Missouri is submitted. 


INTRODUCTION 


The correlations presented in this paper involve the Niagaran 
strata in the southern part of the Mississippi River drainage basin out- 
side the Coastal Plain. The areas chiefly considered are in west Ten- 
nessee and in southeast Missouri, but Silurian terranes in southwest 
Illinois, northeast Arkansas, and in the Arbuckle Mountains are 
briefly discussed. The Tennessee-Missouri areas are approximately 
160 miles apart. The Illinois localities are in the lower stream valleys 
tributary to the Mississippi River and in its bluffs nearly opposite the 
Missouri exposures. The Niagaran strata near Batesville, Arkansas, 
are about 225 miles west of the lower Tennessee River (Fig. 1). The 
Arbuckle Mountains are about 300 miles southwest of Batesville. 

1 Read before the Society of Economic Paleontologists and Mineralogists at 


Chicago, April 11, 1940. Manuscript received, July 31, 1940; revised, July 8, 1941. 
Published by permission of the Journal of Paleontology. 


2 Department of geology and geography, Northwestern University. 
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4 JOHN R. BALL 


STRATIGRAPHIC SUMMARY 


Table I summarizes in comparative columns the Niagaran and 
Alexandrian series in several localities excluding Oklahoma and the 
Ohio Valley states. Exposures are well shown in western Tennessee, 
and the Niagaran section of this part of the drainage basin is taken as 
a reference for further comparisons. The purpose of this paper is to 
suggest possible Silurian correlations which may be made between the 
strata of west Tennessee, where the units are fairly distinct, and those 
of other areas. If these correlations are correct, there still remains in 
the lower drainage basin a number of Silurian problems commanding 
further investigation. 

PREVIOUS CORRELATIONS 


Several correlations of parts of the Missouri-Tennessee Niagaran 
sections have been made, some of them including possible correlations 
in Indiana, Kentucky, and Ohio. Arranged in chronological order they 
are repeated here. 

1911, Ulrich.* Considered the Missouri Bainbridge formation the 
equivalent of Tennessee Silurian strata extending from the base of the 
Laurel limestone to the upper part of the Louisville limestone, but not 
fully co-extensive with that formation. 

1915, Bassler. Made the range of the Bainbridge from the base of 
the Waldron upward entirely co-extensive with that of the Louisville 
limestone. 

1920, Foerste.* Basing his conclusions in part, apparently, on the 
fauna collected and described by Rowley,* in 1904, and studied further 
at later dates by himself, Foerste correlated the Bainbridge with some 
part of the Brownsport beds. 

1926, Springer.?-On the basis of studies in the Pisocrinidae, 
Springer considered the Bainbridge the equivalent of strata in Tennes- 
see ranging from the base of the Dixon to the top of the Beech River 
member. 

1926, R. F. Flint and J. R. Ball.* Flint’s mapping of the geology of 

3 E. O. Ulrich, “‘Revision of the Paleozoic Systems,” Bull. Geol. Soc. America, Vol. 
22 (1911), Pl. 28, following page 608. 

4 R.S. Bassler, “Bibliographic Index of American Ordovician and Silurian Fossils,” 
U.S. Nat. Mus. Bull. 92 (1915), Vol. 2, Pl. 4. 

5 August Foerste, “Racine and Cedarville Cystids and Blastoids, with Notes on 
Other Echinoderms,” Ohio Jour. Sci., Vol. 21, No. 2 (1920), p. 5. 

6 R. R. Rowley, “The Echinodermata of the Missouri Silurian and a New B  .chio- 
pod,” American Geologist, Vol. 34, No. 5 (1904), pp. 269-82, 1 pl. 

7 Frank Springer, “American Silurian Crinoids,”’ Smithsonian Institution Pub. 2871 
(1926), p. 5. 

8 R. F. Flint and J. R. Ball, “Revision of the Silurian of Southeastern Missouri,” 
Jour. Geol., Vol. 34 (1926), pp. 248-56. 
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parts of Perry and Cape Girardeau counties in 1924, and Ball’s studies 
in Ste. Genevieve and Cape Girardeau counties in 1923-24 led to the 
recognition of the Edgewood and Brassfield formations in Missouri in 
addition to the Bainbridge occurring in that state. Faunal compari- 
sons with the Brassfield of Ohio and the Edgewood and Brassfield of 
Illinois established correlations. Tentative correlations between the 
Bainbridge and some part of the Tennessee Brownsport were sug- 
gested. 

1927, J. R. Ball.® On the basis of faunal studies in the Bainbridge 
limestone, Ball mentioned that of 17 species occurring in the Bain- 
bridge and Brownsport strata, 9 are restricted to the Brownsport. He 
noted also certain associations between the Pisocrinus and Merista 
beds of Missouri and the Beech River-Bob sequence in Tennessee but 
did not attempt further correlations. 

1928, Stuart Weller.!? In a posthumous publication Weller had 
considered the Bainbridge as a possible correlative of the Indiana 
basin Laurel on account of its Pisocrinus fauna. He suggested also 
that the Bainbridge fauna is closely related to that of the Tennessee 
Niagaran. Weller had supervised the studies published earlier by Ball 
and had approved the suggestions set forth in 1927. 

1934, Shimer." In extensive correlations for North American for- 
mations, Shimer suggested for the Bainbridge a relative position 
which, set forth graphically, seems to coincide with that assigned by 
Springer. 

1935, Sutton.” Indicated uncertain relationships existing at the 
base and at the top of the Bainbridge, following in a general way the 
earlier statements made by Ulrich.” 

1935, Foerste.4 In this year Foerste practically repeated his sug- 
gestions of 1920, citing the Pisocrinus studies by Springer, and stating 
that, in a general way, the Brownsport group appears related to the 
Bainbridge “group” which apparently ranges from the Dixon to the 
Lobelville. 

® J. R. Ball, “The Faunas of the Brassfield and Bainbridge Limestones of Southeast- 
ern Missouri,”’ Univ. Chicago Abstracts of Theses, Sci. Ser., Vol. 5 (1926-27), p. 260. 

10 Stuart Weller and Stuart St. Clair, “Geology of Ste. Genevieve County, Mis- 
souri,”’ Missouri Bur. Geol. and Mines, Vol. 22, 2nd Ser. (1928), p. 129. 

1H. W. Shimer, “Correlation Chart of Geological Formations of North America,” 
Bull. Geol. Soc. America, Vol. 45 (1934), Pl. 110. 

2 A. H. Sutton, “Stratigraphy of the Silurian System in the Upper Mississippi 
Fie 8 Kansas Geol. Soc. Guidebook, Ninth Annual Field Conference (1935), p. 269, 

13 A. H. Sutton, personal communication, 1939. 

M4 August Foerste, “Correlation of Silurian Formations in Southwestern Ohio, 
Southeastern Indiana, Kentucky and Western Tennessee,”’ Denison Univ. Bull., Jour. 
Sci. Lab., Vol. 30, Art. 3 (1935), p. 198. 
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1936, Maxwell.” In an unpublished manuscript Maxwell made the 
Bainbridge the equivalent of the Henryhouse formation in Oklahoma 
and practically the equivalent, also, of the Brownsport beds. 

1939, J. R. Ball.'® On the basis of some further field studies in 
Illinois and Tennessee, Ball assigned tentatively the basal beds of the 
Bainbridge to the Osgood-St. Clair horizons. 


LITHOLOGIC SIMILARITIES IN THE NIAGARAN SERIES 


Exposures in Missouri are not as fully developed as in Tennessee 
and stratigraphic relations, especially near the base of the Bainbridge, 
are not clearly shown in all outcrops. Field work in the area during 
1939-40 has strengthened the opinion, however, that Niagaran corre- 
lations in some detail are evident in the Missouri-Illinois and Tennes- 
see localities. 

Certain correlations may be assumed on the basis of lithologic simi- 
larities traced through rather wide areas. Strata abundantly exposed 
are argillaceous limestones, interbedded with a few shales and charac- 
terized by deep red, or purplish red colors, in which a conspicuous mot- 
tling either in patches or in bands is developed. These colors, strikingly 
prevalent in the Dixon clays of Tennessee, serve in the field to identify 
a portion of the Niagaran both in that state and in the other localities 
of Silurian terrane farther north and west. 

Other strata with persistent lithologic characters, occurring both 
above and below the reddish, argillaceous limestones, are found in 
numerous outcrops. These strata are conspicuous in the localities 
shown in Figure 1, with the exception of those outcrops near Nashville, 
Tennessee, where the red limestones are not present. In Illinois and 
Missouri, in the localities mapped, the beds above and below the red 
limestones have been regarded simply as facies of the Bainbridge. It 
now appears that they correspond quite closely with recognized units 
in western Tennessee and probably they are the western homologues 
of the Tennessee formations. 


OSGOOD-LAUREL HORIZONS IN MISSOURI AND ILLINOIS 


The lower strata in the Missouri Bainbridge, under the reddish 
Dixon-like beds, aggregate locally from 20 to 25 feet in thickness. The 
strata are variable from place to place but this is generally true of all 
the Niagaran strata in the lower Mississippi drainage basin. These 
beds may be grouped together as facies of the Osgood and Laurel for- 
mations. 


16 R. A. Maxwell, unpublished thesis, Northwestern University (1936), p. 45, Fig. 4. 


16 J. R. Ball, “Stratigraphy of the Silurian System in the Lower Mississippi Valley,” 
Kansas Geol. Soc. Guidebook, Thirteenth Annual Field Conference (1939), p. 121. 
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The Osgood facies of the Missouri-Illinois Bainbridge formation.— 
The Osgood member in many localities in Tennessee varies from a red, 
argillaceous, or a gray, shaly limestone, somewhat friable, toa medium 
bedded, compact, mottled limestone. Its maximum thickness in the 
western part of the state is reported to be 17 feet. Bedding planes are 
extensive and smooth, joints are widely spaced so that the sharply 
angular corner between joint and bedding planes serves to differentiate 
the strata in this unit from the rounded and crumbling slopes in the 
higher beds of the Dixon. Dry stream beds and hillside ledges expose 
the widely spaced joint planes of this rock in many places. Character- 
istic surfaces of this kind are exposed at the pre-Gilbertsville dam 
water level in the south bank of the Tennessee River about } mile west 
of Clifton, and also in many localities east and north of that village. 
The broad and low step-like ledges of the Osgood are particularly ex- 
posed in the slope of Carrollville Hill ascended by the road east of 
Clifton and also in the hill surmounted by the Robertson Church on a 
tributary of Beech Creek. 

Missouri Osgood facies.—In Missouri the basal Niagaran strata in 
practically all exposures superficially exhibit general Bainbridge lithol- 
ogy. The color is red, with mottling in patches and bands of greenish 
gray. The mottling, however, is in smaller patches and in more delicate 
banding than the red Bainbridge of higher horizons. Shaly laminae 
are somewhat apparent, but locally the laminae are absent and the 
strata are in 4-inch to 10-inch beds. Elsewhere the strata are slightly 
thicker, the rock is compact, and the texture dense to finely crystalline. 

The broad bedding surfaces and sharply defined joints of Osgood 
structure are seen at Moccasin Springs, a siding on the St. Louis and 
San Francisco Railway, about 12 miles north of Cape Girardeau, Mis- 
souri (Fig. 2). The rock is predominantly red, slightly argillaceous, 
dips gently to the north, and exhibits a somewhat characteristic Ten- 
nessee Osgood facies. 

Fossils are obviously more abundant in the Osgood in Tennessee 
than in Missouri. A deep red facies of the Osgood at Clifton Landing in 
Tennessee is prominently marked by the root attachments of crinoids 
and by large segments of the stems. Similar crinoid remains have not 
been found in the Missouri Osgood, but small crinoid ossicles are 
abundant. Orthoceratites with small diameter and deep cameras are 
plentiful in this rock in Tennessee, and cephalopods of this type are in 
the Osgood facies at Moccasin Springs, Bainbridge Creek, and in other 
places in Missouri. 

The transition from the Osgood member into the overlying Laurel 
is shown in Tennessee in two modes of occurrence. 1. Interbedded 
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with the characteristically reddish, shaly Osgood are equally thin 
limestone beds, which, if occurring alone, probably would be taken for 
the Laurel. The color is flesh, or grayish pink, and in the dense texture 
small scattered crystals of calcite slightly deeper in shade than the 
matrix are shown. The rock in places is stained with a faintly greenish 
earthy impurity and is barren of fossils except thickly clustered crinoid 
ossicles on the joint planes. Lithology of this nature is typical of the 


Fic. 2.—Osgood member, Bainbridge formation, Moccasin Springs, Missouri. 

Argillaceous limestone in thin to medium beds dipping gently northeast into Mississippi 
River. Photo by J. R. Ball, 1939. 
Tennessee Laurel. 2. In another type of transition the rock becomes 
dense and compact, the uniform red color is dispersed in reddish 
patches in a field of greenish gray and the shaly laminae disappear. In 
many instances, also, the color is quite uniformly red, the rock is more 
crystalline, and the scattered pink rhombs of calcite are abundant. 

Transition beds of the first type are seen in a detached block of the 
Osgood in Clifton, Tennessee, between the River’s edge and the but- 
ton factory. Thin beds of the Laurel-like lithology occur towards the 
top of the block, with the uppermost bed of this type slightly more 
than 5 inches in thickness. Over this bed, however, is more than a foot 
of the typical red, shaly Osgood. At Clifton landing, large crinoid roots 
continue upwards from the Osgood into the Laurel but the lithology 
changes gradually in color and texture. A change of the type last de- 
scribed in the preceding paragraph where the color is uniformly red 
and scattered crystals prominent is markedly developed at Moccasin 
Springs, Missouri, in the strata dipping into the river (Fig. 2). Transi- 
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tion beds, somewhat of this character, have been described by Fo- 
erste!’ as occurring in the Glenkirk Cliffs, Tennessee. and Miser'® has 
noted them in his measurements of many Silurian sections in the 
Waynesboro, Tennessee, Quadrangle. 

The Laurel facies of the Missouri-Illinois Bainbridge formation.— 
The Laurel limestone in Tennessee occurs in 8- to 10-inch beds, sepa- 
rated by smooth and even bedding planes, the matrix is finely crystal- 
line, but the formation appears in many places as compact and dense- 
textured. Freshly broken surfaces are blue-gray to pink and are 
marked with slightly greenish earthy impurities. The pink color is in 
bands or splotches, the more vivid coloring appearing in the finely cry- 
stalline texture. The rock weathers to a dark gray and the joint sur- 
faces are uneven with the differential weathering of laminae and with 
closely aggregated crinoid ossicles. 

Lithologic variability —The Tennessee Laurel is marked more by 
lithologic uniformity than by variability and its persistent characters 
lead readily to its recognition in widely separated areas in that state. 
A few marked changes in its lithology, however, are known. Northeast 
of Centerville, Tennessee, in an overhanging cliff along Duck River, it 
is of markedly different lithology. It is well bedded, medium crystal- 
line to dense, strongly bluish gray with no apparent bands of the pink- 
ish, crystalline aspect. It is highly argillaceous, with shaly partings 
which mark its gradation downward into a shaly facies of the Osgood 
limestone. Although this variability shows in other outcrops of the 
Laurel near Centerville, the characteristic pink crystalline facies re- 
appears west and northwest of that city. 

In its several exposures near Nashville, Tennessee, the Laurel is 
consistent in color and crystallinity. North of Nashville, however, in 
the Baker Station exposure! (Bk, Fig. 1), there is some slight litho- 
logic change in the Laurel. The amount of lithologic change in the 
Laurel in this exposure is not as great as in the Osgood and the Wal- 
dron, but it is appreciable. Its pink color is apparent, but the pink is 
strongly blended with gray, the rock is quite massive, and, locally, 
seems to be somewhat dolomitic. Farther east and north, near Bledsoe 
Chapel (Bd, Fig. 1) the Laurel appears in an old quarry and in other 
exposures near the highway with its characteristic pinkish color and 
crystalline texture. Its slight degree of lithologic change in the Baker 


17 August Foerste, “Silurian and Devonian Limestones of Western Tennessee,” 
Jour. Geol., Vol. 11 (1903), p. 561. 


18 Hugh Miser, unpublished field notes, Waynesboro Quadrangle, Tennessee. 


19 R. S. Bassler, “The Stratigraphy of the Central Basin of Tennessee,” Tennessee 
Div. Geol. Bull. 38 (1932), p. 131. 
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Station exposure seems to be in the direction of the aspects it has in the 
vicinity of its typical exposures in Indiana. It is suggestive, also, of the 
lithology it possesses in the general vicinity of St. Marys, Missouri. 

The Laurel limestone in Missouri.—About 6 miles west of St. 
Marys, Missouri, and along a road leading from that village to Ozora, 
what is thought to be the Laurel limestone underlies a Pisocrinus- 
bearing red shale. The road runs along the base of the south slope of 
Greither Hill, and the Pisocrinus zone is a wel! known fossil-collecting 
area of the Missouri Silurian. In the field south of the road, the strata 
have somewhat the bedding aspects of the Laurel, the pink crystalline 
character is evident near the base, but in higher ledges the rock is more 
earthy, the color is tan or buff and the texture is quite dense. Some of 
the lithologic aspects may be due to the drainage conditions imposed 
by the structural and topographic relations in the base of the hill. 

In and near Lithium, Missouri, about 5 miles southeast of St. 
Marys, the Laurel facies is in scattered and small exposures. A massive 
ledge, with lithology similar to that of the Greither Hill Laurel, under- 
lies a prominent Bainbridge exposure in the cliff southeast of the store. 
Another exposure which contains a massive rock which is quite typi- 
cally Laurel, lithologically, is along the road north of a deserted log 
house in projected Sec. 11, T. 36 N., R. 10 E., about 1} miles north- 
west of Lithium. The rock is hard, brittle, massive, and in the upper 
5 feet of exposure, is strongly specked with small pink crystals in a 
grayish matrix. Somewhat obscurely exposed, but possibly in the same 
rock mass, are a few nodules of chert. If the chert occurs in the Laurel, 
it isa feature which relates the Missouri Laurel to the markedly cherty 
Laurel of Indiana. 

The Laurel is known in a few other small exposures in the much- 
faulted terrane of Lower Paleozoic rocks along the Little Saline Creek 
in Ste. Genevieve County, Missouri. Approximately 50 miles south- 
east of the Ste. Genevieve County exposures, in Perry and Cape Gi- 
rardeau counties, small but numerous exposures of the Laurel are 
scattered along the creeks north of Cape Girardeau. A characteristic 
ledge of the Laurel rests on the Osgood in the bed of a small stream 
which enters the Mississippi River at Moccasin Springs (Fig. 3). In 
this and in other exposures the Laurel is fairly massive, but a thickness 
comparable with the average of the Tennessee Laurel is not shown in 
Missouri. A few large boulders, only, are representative of similar 
remnants of the Laurel in Illinois, northeast of Thebes, Alexander 
County. 

Waldron-Lego horizons.—Overlying the Laurel in Missouri, noth- 
ing closely simulating the Tennessee Waldron-Lego relations as yet 
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has been observed. The Waldron shale in Tennessee sustains a unique 
relationship to the Laurel and Lego limestones where both of these 
units occur. It is a greenish or gray clay shale, varying from o to 5 feet, 
approximately, and has a limestone ledge within it in many places. 
The Lego limestone resembles the Laurel so closely that where the 
intervening Waldron is not recognized the two limestones are practi- 
cally indistinguishable. The Waldron, locally, is quite fossiliferous, but 
the Laurel and Lego, with the exception of a few orthoceratites and 


. Fic. 3.—Laurel member, Bainbridge formation, in creek flowing into Mississippi 
River at Moccasin Springs, Missouri. Rests on thin-bedded Osgood member. Charac- 
teristically massive, light gray, pinkish calcite crystals, strongly attacked by solvent 
action of running water. Photo by J. R. Ball, 1939. 


abundant crinoid remains, have but few other fossils. Jewell? has 
noted a local unconformity between the Lego and underlying forma- 
tions near Savannah, Tennessee, and Miser” has noted an unconform- 
ity at the base of the Waldron in the area northwest of Waynesboro, 
Tennessee. 

Possibly the Lego limestone, identical in lithology with the Laurel, 
is present in Missouri, but, as yet, it has not been recognized. In sev- 
eral places in Missouri where the Laurel is present, its stratigraphic 
relationships downward are quite clear, and they help to establish the 
Laurel-Osgood correlations. In the Greither Hill exposures in Missouri 
(Gh, Fig. 1) the Pisocrinus shales are superposed on the Laurel as the 

20 W. B. Jewell, “Geology and Mineral Resources of Hardin County, Tennessee,” 
Tennessee Geol. Survey Bull. 37 (1931), p. 24+ 

21H. D. Miser, personal communication, 1940. 
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Waldron shales are in Tennessee. However, the shales have but four 
fossils which are found also in the Waldron formation, and of these, two 
are common in Silurian faunas and of considerable stratigraphic range. 
The lithological and faunal facies above the Laurel in Greither Hill are 
not suggestive of complete and detailed correlations in this part of the 
Niagaran succession. 


DIXON HORIZONS IN THE BAINBRIDGE FORMATION 


The Bainbridge formation carries a strikingly Dixon-like lithology 
more widely, possibly, than it does any other facies of the Tennessee 
Niagaran. The Dixon aspects, perfectly characteristic of much of the 
Bainbridge, also, give the latter formation the appearances which are 
at once recognized wherever the Bainbridge is exposed. The Dixon-like 
unit is about 80 feet thick in southeast Missouri, and from 50 to 75 
feet thick in the Arbuckle Mountains. The Lafferty limestone of Ar- 
kansas is 85 or 86 feet thick,” and the Dixon facies is a little more than 
40 feet of the total. This is closely comparable with the thickness of the 
Dixon formation in Tennessee, which is 45 feet. 

In a general sense no further criteria than the purely lithologic 
seem necessary for Dixon horizons in the several formations men- 
tioned. Further recognition, however, of detailed correlations is not 
possible on the basis of lithologic similarities and it is only the general 
correspondence of these units which seems satisfactory. 

Field differentiations on the basis of fossils seem impracticable, 
also. Fistuliporoids are common in the Dixon of Tennessee, but have 
not been noted in abundance in Missouri. They are found, however, in 
the Henryhouse formation of Oklahoma. Dixon fossils are abundant 
in Tennessee and a few glades are developed in the formation near the 
Tennessee Riveér in west Tennessee. A Dalmanites zone has been noted 
in Tennessee, and, although thin, this stratum or one analogous in 
position is fairly persistent.” 

Illinois Dixon.—The characteristic reddish mottling of the Dixon- 
Bainbridge facies is well displayed in southern Illinois,** and several 
outcrops recently have been located and described.”* The maximum 
thickness of the reddish rocks in this part of the state probably is not 


2H. D. Miser, “Deposits of Manganese Ore in the Batesville District, Arkansas, 
U.S. Geol. Survey Bull. 734 (1922), pp. 31-32. 


3 J. R. Ball, “Type Section of Bainbridge Formation,” Bull. Amer. Assoc. Petrol. 


Geol., Vol. 23 (1939), P- 597. 

24 J. R. Ball, “Silurian Rocks of Southern Illinois,” Trans. Illinois State Acad. Sci., 
Vol. 32 (1939), pp. 164-65. 

% J. Marvin Weller, “Geology and Oil Possibilities of Extreme Southern Illinois,” 
Illinois Geol. Survey Rept. of Investigations No. 71 (1940), p. 21. 
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more than 50 feet. Some fossils have been observed near the top of this 
unit, but, in general, the pygidia of Dalmanites and associated fossils 
seem to be in greater abundance in the earthy green limestones above 
the reddish Dixon-like strata in this locality. 


THE BROWNSPORT FORMATION 


The Brownsport beds of western Tennessee are a conspicuous Silu- 
rian aggregate in that part of the state. These rocks and their fauna 
have furnished material for the extensive studies of Roemer, Troost, 
Foerste, Springer, and Pate and Bassler. 

The Brownsport formation consists chiefly of argillaceous layers 
and thin-bedded crystalline limestones. Both shales and limestones, 
the latter with some chert, are developed in the Beech River member 
of the formetion. The limestones commonly are gray and purple and 
contain many crinoid fragments. The chert is nearly black and occurs 
in flattened nodules. This member crops out in typical occurrence at 
the water’s edge of the Tennessee River, } mile west of Clifton, Tennes- 
see. Its limestones are underlain by a bluish green clay and shale, with 
interbedded flaggy limestones, separating the main mass of the lime- 
stone from the reddish Dixon strata. 

Reconnaissance shows that strata of the lithology marked by the 
bluish gray color and argillaceous composition are distributed some- 
what widely in Tennessee. They show a notable development along the 
Buffalo River, one or two miles south of Linden (L, Fig. 1). Here, a 
massive bed of impure, greenish gray limestone, nearly 6 feet thick, is 
modified strikingly by weathering, showing large and small conchoidal 
fractures. The massive bed is sparsely fossiliferous. Miser®® has de- 
scribed a bed nearly as thick occurring on Beech Creek about 5 miles 
northeast of Glenkirk Landing on the Tennessee River. He identifies it 
as the “‘basal bed of the Beech River member.” 

Facies of the Beech River member in Missouri, Illinois, and Arkan- 
sas.—Earthy limestones of the same general lithologic character as the 
basal Beech River beds appear in Missouri (B, Fig. 1), Illinois (T, Fig. 
1), and in northeast Arkansas (Wlc, Fig. 1). They lie above the reddish 
Dixon-like strata in these states, and in Missouri, locally, a somewhat 
resistant greenish limestone crops out,”” suggestive of the massive 
limestone near Linden, Tennessee. In the typical locality of the Bain- 
bridge formation, the resistant green limestone is associated with 
shales bearing graptolites,?* and these shales have been seen farther 

26 H. D. Miser, unpublished field notes, 1913, 1914. 

27 J. R. Ball, “Type Section of Bainbridge Formation,” Bull. Amer. Assoc. Petrol, 


Geol., Vol. 23 (1939), 
28 J. R. Ball, op. cit. 
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north, near Altenberg, Missouri. The massive limestone crops out in 
several exposures southwest of Bainbridge on the farm lands of Henry 
Lueder. It is exposed, also, along Cape Creek north of the city of Cape 
Girardeau (Fig. 1). The scattered fossils of the massive ledge near 
Linden have been mentioned, and in its counterpart in Missouri and 
Illinois a meager fauna also occurs. 

The Bob member.—The Bob crystalline limestone member of the 


Brownsport formation is exposed in numerous places in western Ten- © 


nessee, in the general vicinity of the Tennessee River. A maximum 
exposed thickness of 60 feet is in the section measured by Pate and 
Bassler®® a short distance north of Bobs Landing, and thicknesses of 
40 and 36 feet, respectively, at Brownsport Furnace and Lady’s Bluff 
near and on the river, north of Bobs Landing. Miser*® has reported its 
thickness as 35 feet in the Waynesboro Quadrangle, and notes its oc- 
currence in as many as 35 of the Silurian sections measured by him in 
and near the Waynesboro Quadrangle. 

Limestone in thin and also in massive beds is the predominating 
rock in this member, and in numerous outcrops a massive, coarsely 
crystalline, light-colored limestone is almost the only representative 
of the Bob member. Some beds of shale and of the red and yellow ar- 
gillaceous limestone have been included, however, in the sections 
measured by Pate and Bassler. Its fauna has not been seen by the 
writer in as many of the glades as have the Beech River and Lobelville 
faunas, but in one glade and in associated strata in northeast Hardin 
County near the Bend school, fossils in the strata and in the glade are 
suggestive of the Bob member. 

Bob limestone facies in Missouri.—In a few places in southeast 
Missouri some of the Silurian limestones suggest the Bob member. One 
known occurrence in Ste. Genevieve County is a limestone which 
crops out prominently in the southerly slopes of Greither Hill which 
lies west of the east border of the Weingarten Quadrangle one-half 
mile north of the 50’ line. This limestone is best known on the south- 
east slope of the hill, but it recently has been measured and studied on 
the southwest slope of the hill. 

In the first location the rock makes-a rather prominent ledge, is 
well stratified in beds of medium thickness to massive, coarsely crys- 
talline, light gray to white and abundantly fossiliferous. It is shown 
in detached boulders near the road where it descends eastward over 
the nose of the hill, but the ledge persists easterly in a continuous low 


29 W. F. Pate and R. S. Bassler, “The Late Niagaran Strata of West Tennessee,” 
Proc. U. S. Nat. Mus., Vol. 34 (1908), pp. 421, 413-14. 


30H. D. Miser, op. cit., p. 21. 
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cliff, ranging from 2 to more than 5 feet in thickness. In the detached 
boulders, near the road, its texture is medium crystalline of somewhat 
glassy appearance and its color in fresh specimens is a slightly greenish 
gray. It has been called the ‘“‘Merista bed” from the dominant occur- 
rence of that brachiopod in this outcrop. 

In its general texture, color, and stratigraphic relationships this 
rock closely resembles the Bob member, especially as the Bob has 
been described by Miser in Wayne County, Tennessee. Elsewhere in 
southeastern Missouri it is restricted in outcrops, but in the general 
vicinity of Altenburg and New Wells in Perry County, Missouri, there 
is a ledge-making limestone, which, in texture and color, and some- 
what suggestively in fauna, seems to be the same as the gray limestone 
on Greither Hill. The evidence of its fauna is discussed on a following 
page. The ledge-making character of this rock is similar to that of the 
basal Beech River limestone, but in color and texture, as well as in 
faunal content, the two limestones are quite dissimilar. 

Undifferentiated Browns port facies of Missouri, Illinois, and Arkan- 
sas.—Above the Bob member, where it apparently is represented in 
Missouri, no other distinctive analogies with the post-Bob Brownsport 
have been observed. No strata which correspond strikingly with the 
light yellow and bluish green calcareous and argillaceous coralline 
strata of the Lobelville have been noted in the field considered in this 
paper. Some gray and purple limestones with a few corals* occur near 
the top of the Missouri Niagaran section. But in Illinois and Arkansas 
there is nothing more suggestive than the general contrast with the 
reddish, mottled beds of Dixon-like aspect afforded by the thin, argil- 
laceous limestones of green and gray hues which occur persistently in 
these states in the upper zones of the Niagaran strata. 


PALEONTOLOGIC CRITERIA FOR CORRELATIONS 


Middle Silurian strata in Missouri, Illinois, and Arkansas, with a 
few local exceptions, are not abundantly fossiliferous. In earlier studies 
of the Missouri Silurian the writer has concluded that correlations 
for the Brassfield are established quite soundly on a paleontologic 
basis. One or two paleontologic anomalies have been noted in the 
Brassfield® fauna, but now that it seems possible to separate the Laurel 

31 J. R. Ball and Brandon Grove, “New Species of Corals from the Bainbridge Lime- 
stone of Southeastern Missouri,”’ Amer. Mid. Naturalist, Vol. 24 (1940), pp. 382-404. 

2 R. F. Flint and J. R. Ball, “Revision of the Silurian of Southeastern Missouri,” 
Jour. Geol., Vol. 34 (1926), p. 251. 

3 E. O. Ulrich, “Determination and Correlation of Formations,” U.S. Geol. Sur- 


vey Prof. Paper 24 (1904), p. 99. 
J. R. Ball and David Delo, “New Species of Silurian Dalmanites from Southeast 


Missouri,” A mer. Mid. Naturalist .Vol. 24 (1940), p. 405. 
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from the equally pinkish facies of the Missouri Brassfield, it may seem 
possible to accept the paleontologic anomalies as a matter inherent in 
the Brassfield-St. Clair relationships. 

In Missouri, in both the Osgood and Laurel zones, the orthocera- 
tites, which in Tennessee are noted commonly in these formations, 
occur in some abundance, especially in the Osgood member. Ostracoda 
are known to occur in the Osgood of Tennessee, Indiana, and Missouri. 
Stratigraphically, the ostracodes are low in the Osgood of Missouri 
and Indiana, but their position in the Tennessee occurrence is not fully 
established. 

Paleontologic evidence for the Waldron formation in Missouri is 
not convincing and those rather widely ranging forms occurring in 
Missouri which are collected come from the Merista bed (Bob mem- 
ber) rather than from the Pisocrinus shales which in Greither Hill rest 
on either Dixon or Laurel strata. The Dixon beds are thin or possibly 
even absent in the Greither Hill section. However, the normal thick- 
ness of the Dixon seems to be present elsewhere in Ste. Genevieve 
County. A fossiliferous zone, made up largely of trilobites, occurs near 
the top of the Dixon, locally, in Tennessee. A zone in similar strati- 
graphic position occurs in the type section of the Bainbridge in Mis- 
souri and possibly some fossil correspondence may be recognized. 

Although the stratigraphic relationships are not exactly paraliel 
in the two states, the correlation for some part of the Brownsport for- 
mation in Tennessee and Missouri seems quite possible. The correla- 
tion applies chiefly to the Beech River and Bob horizons™ and now 
that comparisons between lithology and stratigraphic relationships 
have been made more fully in the two states, the fossil identities in 
these two horizons seem to be of greater importance. 

it is a striking fact, also, that, while faunal anomalies evident with- 
in relatively short distances within the lower Mississippi drainage 
basin are somewhat baffling, suggestive instances of faunal similarities 
within areas much more widely separated are quite apparent. Ball and 
Grove* have found in recent studies of Bainbridge corals that identical 
genera and possibly even identical species appear in the European 
Silurian terranes of Gotland and the Bohemian basin. 


SUMMARY 


This paper presents an abstract of the several correlations for the 
Missouri Bainbridge formation and Niagaran strata in other localities 


% J. R. Ball, “Stratigraphy of the Silurian System in the Lower Mississippi Valley,” 
Kansas Geol. Soc. Guidebook, Thirteenth Annual Field Conference (1939), p. 125. 


% J. R. Ball and Brandon Grove, of. cit., p. 384. 
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in the lower Mississippi drainage basin between 1911 and 1935. It con- 
firms the suggestions made previously by Stuart Weller and Paul 
Dunn that the basal beds of the Bainbridge belong in the Osgood- 
Laurel zones of Indiana and Tennessee. Possibly it obviates in a meas- 
ure the confusion which has existed in Missouri between the “pink 
crystalline” (to be applied to the Laurel) and the “pink crinoidal”’ 
(to be applied to the Missouri Brassfield) textures in rocks whose 
stratigraphic relationships in Missouri are obscure, locally. It does not 
contribute anything further to what possibly remains to be deter- 
mined concerning the stratigraphic relationships between the pinkish 
Missouri Brassfield and the “‘pink crinoidal” occurrences farther west 
in Oklahoma and Arkansas. 

The widely distributed Tennessee Waldron formation and the 
more restricted Lego have not been recognized, as yet, in Missouri. 
Above the massive beds in Missouri, Illinois, and Arkansas, now 
thought to represent the Laurel formation, lie the characteristically 
red and mottled Bainbridge strata, strongly suggestive of typical 
Dixon lithology. Species of Dalmanites are fairly common in these beds 
both in Tennessee and Missouri. 

It seems evident on both lithologic and faunal evidence that some 
part of the Brownsport formation is represented in Missouri. In Illi- 
nois and Arkansas certain suggestions of Brownsport zones rest on a 
lithologic basis, only. Limestones and shales of comparable thick- 
nesses, and the Tennessee cherty limestones common in the Browns- 
port do not appear, however, in the regions west of western Tennessee 
considered in this paper. 

Under the restrictions, then, of certain problematical aspects, the 
following stratigraphic analysis of the Bainbridge formation in Mis- 
souri and Illinois is attempted. The Lafferty formation of Arkansas, 
while strikingly suggestive of the Bainbridge, is not included in this 
analysis (Table II). 
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TABLE II 


PROPOSED STRATIGRAPHIC ANALYSIS OF THE BAINBRIDGE FORMATION OF 


MIssouRI AND ILLINOIS 


BAINBRIDGE FORMATION 


NIAGARAN SERIES 


Lockport 


Brownsport members, undifferentiated 


Thin to medium beds of earthy limestones, greenish gray or green, 
locally rugose and auloporoid corals, and with Cyrtograptus shales 
distributed over a fairly wide area in Perry and Cape Girardeau 
counties, Missouri, and near Thebes, Illinois 
Bob member 
Medium to massively bedded, gray, crystalline limestone, abun- 
dantly fossiliferous, with fossils present which occur in the Bob. 
Restricted to one known outcrop in Ste. Genevieve County, and a 
few hillside ledges in Perry County, Missouri. Not recognized 
lithologically in Illinois 
Beech River member 
Basal limestone, massive, greenish, earthy, occurring in the Bain- 
bridge type section and elsewhere in Cape Girardeau County, 
Missouri, and over the reddish Bainbridge in Illinois 


Dixon member 


Commonly recognized as typical Bainbridge in Missouri, as the Laf- 
ferty in part of Arkansas, and as the Henryhouse in part of Oklahoma. 
Illinois strata apparently a continuation across the Mississippi River 
of the Missouri beds 


Lego-Waldron formations 


Not satisfactorily recognized in Missouri and Illinois 


Laurel member 


In scattered and discontinuous outcrops in Missouri and Illinois, a 
massive, bluish gray, compact limestone in which are areas or zones 
of more crystalline texture with abundant small calcite crystals of 
deeper pink or brown than the matrix, distinguished in this paper as 
the “pink crystalline” facies 


Clinton 


Osgood member 


Either a thin-bedded shaly red limestone of general Bainbridge lithol- 
ogy or a well bedded, compact, red and green mottled limestone, in 
places almost completely red. Locally, along Cape Creek and Big 
Flora Creek in Cape Girardeau County, areas possibly in this member 
have the “pink crystalline” texture. 


Manamy and Dan Stewart, of the Missouri Geological Survey, and in 
Tennessee by W. F. Pond, State geologist, and by Kendall Born and 
George Whitlatch, of the Tennessee Geological Survey. 


H. A. Buehler, State geologist of Missouri, has made the continua- 


tion of field studies in Missouri possible by a generous subsidy through 
the State Geological Survey. 


The illustrative material of Figure 1 and Table I was prepared by 


Deane Kent of Northwestern University. 
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GEOCHEMISTRY OF NATURAL GAS IN 
APPALACHIAN PROVINCE! 


PAUL H. PRICE? ann A. J. W. HEADLEE? 
Morgantown, West Virginia 


ABSTRACT 


This paper contains the results of further studies‘ on the variations in the composi- 
tion and properties of natural gas by geologic and geographic distribution. 

New data corroborate the composite regional variations previously published.*® ‘The 
regional map has been extended to include the gas and oil fields in Canada which fie in 
the Appalachian Province north of Lake Erie. 

Well-to-well variations in the composition of the gas in several individual reservoirs 
are given. Definite relationships exist between the composition of natural gas and asso- 
ciated oil, both areal and quantitative. 

Numerous samples of near-surface gases and gases from coal seams have been ana- 


lyzed. 

A résumé of the geologic occurrence of methane, ethane, and higher-boiling, satu- 
rated compounds, nitrogen, carbon dioxide, and hydrogen sulphide is given. Afso the 
relationship of these gases to their associated constituents—sand, shale, limeston¢, coal, 
water, brine, calcium sulphate—are discussed. 

The origin, migration, and natural storage of gas and oil are discussed in the ght of 


these data. 

It would be interesting to review the several influencing tactors 
that have prevailed during the various stages or periods iz jman’s 
search for the fugacious minerals. Undoubtedly, the first began with 
actual observation of seepages. A later stage would be observagion of 


still later stage related to the degree of metamorphism and the Jarbon- 
ratio theory. During the last decade, geophysical methods hafre held 


methods. 

This newest technique has already taken many different lif/s of at- 
tack, including soil analyses, gas liberation, chemical corituents, 
brine analyses, e¢ cetera. 

Since the basic information necessary for the predict'@ of the 
origin, occurrence, and proper production of any natural re:@§urce is a 
knowledge of its composition and properties under the varf§us types 
of environment in which it exists, it is only logical that they ould be 
investigated and strange that certain of these criteria ha been so 
long ignored. 

1 Read before the Association at Houston, April 4, 1941. Manuscript 1 cived, May 
30, 1941. 

? State geologist, West Virginia Geological Survey. 

3 Chemist, West Virginia Geological Survey. 


* Paul H. Price and A. J. W. Headlee, “Regional Variations in Compg tion of Nat- 
ural Gas in Appalachian Province,” Bull. Amer. Assoc. Petrol. Geol., ". 22, No. 9 
(September, 1935), pp. 1153-83. 


5 Op. cit. 
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Since natural gas contains the simpler and more easily separated 
hydrocarbons, data concerning the origin and occurrence of petroleum 
may be obtained by a study of the composition and properties of 
natural gas. 

The Survey has given considerable attention to the composition of 
natural gas according to geological horizon and geographic distribu- 
tion within a geographic province. A paper recording the results of 
earlier work by the writers, ‘Regional Variations in Composition of 
Natural Gas in Appalachian Province,” was presented at the New 
Orleans meeting of the Association and published in its Bulletin, 
Vol. 22, No. 9 (September, 1938), pp. 115 3-83. 

Since the publication of the previous paper, new data have been 
gathered. These, together with the live interest in geochemical pros- 
pecting for gas and oil, have induced the writers to present some of the 
additional data on the geochemistry of the natural gas in the Appala- 
chian area and more especially in West Virginia. This paper may be 
considered as a report of progress. 

The Appalachian area has been and is now probably the most im- 
portant natural-gas producing area in the world. The general geology 
of this area and analytical procedure were discussed in the previous 
paper and need not be repeated here. 


AVERAGE COMPOSITION OF ALL GASES IN 
THE APPALACHIAN PROVINCE 


The total heating value of a natural gas on an inert free basis is 
dependent upon the relative amounts of hydrocarbons present. An 
isometric total heating-value map (expressed Thv) would then be a 
reflection or indication of the composition of the natural gas. 

A map showing total heating values (inert-free basis) for the Ap- 
palachian gas and oil region from all important producing formations 
has been prepared as Figure 1. This is the same map as previously 
published except that it has been extended into Canada. Data pub- 
lished by the Canadian Department of Mines® were used to extend the 
isometric Thv lines across Lake Erie into Ontario, Canada. These data 
indicate the possible presence of oil and gas beneath the lake. The 
three short Thv lines in western Ontario are significant in that an in- 
crease in Thv is noted toward the northwest or into the Michigan 
basin. Several additional samples from southeastern Kentucky and 
western Virginia were analyzed so that the iso-Thv lines have been 
extended into that area. The Virginia samples taken from wells in 


6 R. T. Elworthy, “Helium in Canada,” Canada Dept. Mines Rept. 679 (1926). 
P. V. Rosewarne and R. J. Offord, “Analyses of Samples of Natural Gas from On- 
tario in 1932 and 1935,” ibid., Memorandum Ser. 63 (1934). 
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Wise County and near the eastern border of the producing area are 
composed almost entirely of methane. Numerous additional samples 
have been analyzed from West Virginia and some from Pennsylvania, 
all of which substantiate the composite Thv map. 
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The highs for the Thv’s (Fig. 1) parallel the Pittsburgh-Hunting- 
ton basin and are located in its central part, the other values decreas- 
ing in all directions from these highs. The gases decrease in Thv and 
approach pure methane from the central part of the synclinorium to- 
ward the Appalachian structural front, also to'vard the Cincinnati 
arch, and toward the northern and southern ends of the basin. Con- 
verting these Thv lines to iso-carbon lines, those east of the center of 
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the basin are in the reverse order of carboh ratios for coal; the low- 
carbon high-volatile gases are the most eastern while the high-carbon, 
low-volatile coals are the most eastern. The analyses show that the 


iso-carbon lines also decrease westward frdm the center of the basin 
and that there are low-carbon, high-volatil¢ gases on the western side. 


The carbon ratios for coal do not reverse their order, to any great 
extent if at all, after passing the center of'the basin, as do the gases, 
but continue to decrease west of the axis of ;}he Pittsburgh-Huntington 
basin. Thus the natural gas varies in a mjnner conforming with the 
sedimentary basin rather than the structural basin as reflected by 
dynamic metamorphism. | 

Although isometric methane lines are {not mapped, analyses show 
that they are in the reverse order to the Thv’s, the low methane paral- 
leling the high Thv’s and the high methane paralleling the low Thv’s. 
With the higher hydrocarbons the reverse is true, that is, large 
amounts of higher hydrocarbons align themselves in a similar manner 
and fall generally along the central axis of the basin. There is a definite 
progressive decrease in amounts of highe} hydrocarbons as the border 
of the producing area is approached. 


VARIATIONS WITHIN A ;RESERVOIR 


ELK-POCA FIELD 


Since the preparation of the Thv map for the Elk-Poda field (1938), 
drilling has been extended to the north sé that additional data are now 
available. 

The areal distribution of the variatiens in composition of gas in the 
Elk-Poca (Oriskany) field are shown ir Figures 2 and 3 as isometric 
Thv and nitrogen lines respectively. A} reversal is to be noted in the 
extended area in both the isometric Thv and nitrogen lines near the 
southernmost tip of Jackson County. The highest Thv is 1,196 Btu. 
The tests indicate that commercial oil might be found along or north- 
east of the 1,180-Thv line. ; 

The northeastern side of the new production contains a low-nitro- — 
gen area (Fig. 3) where the Thv’s indicate possible oil. The quantity 
of hexanes and higher-boiling hydrocarbons decreases toward the north- 
east in this area also. These are further indications that a commercial 
oil pool may be found in this area. 


VILLA NOVA FLELD 


A new gas field was developed near Villa Nova Station in Clay and 
Braxton counties during 1940. The major portion of the production is 
from the Webster Springs and Big Lire formations with some produc- 
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tion from the Big Injun and Blue Monday sands. Since this was prac- 
tically a virgin field, producing for'only a short time, it was thought to 
present an excellent opportunity ;'o study the areal variation in the 
composition of the gas in a given reservoir. The fact that the field was 
producing gas from several formations introduced complications. Indi- 
vidual wells are generally producing from only one formation. 

Two and possibly three fields:separated by non-productive areas 
have been found as shown on tke map of isometric open-flow lines 
(Fig. 4). The open flows of all thé wells isometer readily regardless of 
the source of the pay. The central portion of the southern and most 
productive field is producing fron: the Webster Springs sand and this 
area is completely surrounded by a line of wells producing from the 
Big Lime. The pay in the Webster Springs sand is about 200 feet 
higher than that in the Big Lime. The original rock pressure of the 
Webster Springs pay was about 5% pounds per square inch higher than 
the Big Lime even though the latter is about 200 feet below the former. 
The structural contours on the top of the Big Lime (Fig. 5) indicate 
the producing areas to be along two terraces. 

Tests and analyses were maile on samples from thirty wells. Of 
these, complete analyses were made on twenty samples, while heating 
value, specific gravity, and water vapor and nitrogen content were 
determined on the other ten. The hydrocarbon content is shown as a 
composition-Thv diagram on which the increase in ethane, propane, 
butanes, pentanes, hexanes, and heptanes and higher-boiling constit- 
uents are plotted against the Thv, and the decrease in methane is 
plotted against the Thv (Fig. 6). The points for the samples having 
Thv’s less than 1,220 fit the cutves within the limits of accuracy of 
the method of analysis (Podbielniak low-temperature distillation 
analysis using liquid nitrogen as.a refrigerant). The points for the two 
samples having Thv’s of 1,293 and 1,426, respectively, represent the 
analyses of samples of gas from wells which are also producing oil. The 
marked increase in the amount of pentanes and higher constituents 
in these two samples, as compared with the amount in the other sam- 
ples, should be noted. 

The variation in the composition of the gas as shown in Figure 6 
has a systematic areal distribution. This distribution is shown on 
Figure 7 for the Thv’s and on Figure 8 for the nitrogen content. The 
Thv’s increase toward the oil in each of the three fields. The lower 
field has not produced much oil as yet, although several showings have 
developed along and north of the 1,180-Thv line. Based on this iso- 
Thv map it was predicted that oil would be found near wells 1, 2, and 
3. Since then Well 3 began producing oil and is reported as capable of 
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producing more than 1oo barrels per day. It is to be noted that the 
nitrogen content is lowest near the areas producing oil (Fig. 8). The 
carbon dioxide content of the gas in these fields is very low, approxi- 
mately .oo2 per cent on an average. 


FREQUENCY OF OCCURRENCE OF HYDROCARBONS IN VILLA NOVA FIELD 


It has been noted in a large number of cases that the analyses of 
natural gas (inert-free basis), when plotted on log-log coérdinates 
against the number of carbon atoms per molecule, approach a straight 
line, especially through the methane, ethane, propane, and butane 
points. These four gases are mostly in the gaseous phase, especially 
where relatively small quantities of oil are associated with the gas. The 
pentanes and higher hydrocarbons more nearly approach this straight 
line where separation of oil from the gas has not progressed far prior 
to recovery. It might be assumed then that this straight line may ke 
extended to represent the frequency of occurrence of all the hydrocar- 
bons in both the oil and gas. If this assumption is valid, the quantity 
of oil associated with the gas can be calculated from these curves if 
the composition and quantity of gas in the reservoir are known. 

The occurrence frequency of the hydrocarbons in the gas from 
Villa Nova field is shown in Figure g on log-log coérdinates. The 
average of the 20 complete inert-free analyses was found arithmeti- 
cally; this average analysis was then plotted against the number of 
carbon atoms per molecule. A straight line is drawn through the 
points for methane, ethane, propane, and butanes. The mol percent- 
age for each of the hydrocarbons having 5 to 46 carbon atoms was 
read from this curve and calculated in terms of barrels of liquid per 
million cubic feet of natural gas, all of which when added amounted 
to 20 barrels of oil per million cubic feet of gas. 

The slope of this occurrence-frequency curve indicates the gas-oil 
ratio; a steep curve indicates that very little oil is associated with the 
gas; while a flat curve indicates much oil. The slope of the curve is re- 
lated to the Thv, methane, ethane, e¢ cetera, content and specific 
gravity (“‘inert-free’”’ basis), so that any of these values is an index to 
the quantity of oil that is associated with gas. The limits of these 
curves as well as their shape for numerous fields are yet to be deter- 
mined; however, the applications of this method of analysis will pre- 
sent data of great value to the gas and oil industry. 


COAL-SEAM GAS 


Numerous gas wells have been discovered that are producing gas 
from or very close to coal seams. Several of these wells have been 
sampled, the results of which are tabulated in Table I. 
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A large number of analyses of gases from coal mines that are pro- 
ducing millions of cubic feet per day show methane as the only hydro- 
carbon present. 
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It will be noted that most of the analyses shown in Table I contain 
methane in much higher percentages than the gases from other pro- 
ducing formations ir) this area. Those which have higher hydrocarbons 
do not have them j/resent in the same ratio as natural gas from the 
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TABLE I 
ANALYSES OF COAL-SEAM GASES 

Sample) County | CHa | | CsHs | | CH | CHu*| Ne | 
I Wetzel | 8.40 | 5-68 | | | 2.50 | .45 

2 Wetzel 92.96 | 1.62 766 | 203 | sor | 2:70 
3-A | Wetzel 96.84 | 1.14] .29 .04 | .OI .02 | 1.62 .04 

4 Wetzel 92.22 .I0 | .04 | .00 — | 1.90 | 5.00 

5 Wetzel 92.87 60 — | 6.30] «10 

6 Wetzel 92.76 | 2.02 .46 | 3-93 .00 
18 Monongalia | 91.10 | 2.66 98°| <27 13 .06 | 5.00] .00 
19 Mason 92.40 = — | 7.60] .00 
565 Monongalia | 98.45 — | 1.50] .05 
3-B*| Wetzel 70.23. | |] <06°| <42 | 2.96) 209 


* Gas from Big Injun sand, same well from which 3-A was collected. 


underlying gas sands. Sample No. 3-B was collected from the Big 
Injun sand in the same well as coal-seam sample 3-A. Coal absorbs 
the higher hydrocarbons just as charcoal absorbs gasoline. Faulty 
plugging, together with leaking casing, offers ready access for the 
gases in other formations to permeate the coal. 

Most of the gas and oil fields in the Appalachian Province are 
overlain by one or more seams of coal through which gases migrating 
to the surface must pass. Since gas occurring in coal in large quantities 
is quite different from natural gas produced from sands, shales, and 
limestones at the same locality, it becomes doubtful if analyses of near- 
surface gas can be used to predict the presence of either oil or gas in 
areas not now producing. 


NEAR-SURFACE GASES 


Samples of the gas from a number of near-surface wells and gas 
seepages that produce gas in megascopic quantities have been col- 
lected and analyzed as shown in Table II. 

The samples from West Virginia came from in or above the coal 
measures except that from Mercer County. 

These gases differ from those usually obtained in commercial 
natural gas in the absence of ethane and higher in these near-surface 
gases. Near-surface gases that exist in the glacial drift in Ontario, 
Canada, also contain methane as the only hydrocarbon in areas where 
the ordinary oil and gas sands are productive. Here presented are 
widely scattered examples of the existence of near-surface gases in 
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TABLE II 
ANALYSES OF NEAR-SURFACE GASES 
le County CH, Ne CO2 Oz 
West Virginia 
22 Monongalia 80 97.70 2.20 .10 
49 McDowell 80 78.20 | 19.55 1.65 .60 _ 
Mercer 210 96.02 3-90 .08 _ = 
7 McDowell 40 93.00 6.60 .40 _ = 
8 McDowell 40 89.95 9.30 — 
505 Marshall 462 -578 
525 Raléigh* 
Florida 
571 1,270 98.4 1.6 — 
Canada 
Yorkt 290 85.15 | 13.2 1.65 


* Gas collected from seepage in run. Methane and nitrogen are the only gases present. 
¢ From interglacial beds. 


large quantities that contain methane as the only hydrocarbon and 
thus in no wise resemble the natural gas of the deeper sands in this 
area. 
RESUME OF COMPOUNDS IN NATURAL GAS 
METHANE 


Natural gas is an excellent fuel because it consists of compounds 
of carbon and hydrogen which for the most part can be classified 
as saturated paraffines. Numerous gases that occur over the entire 
world contain methane as the only hydrocarbon present and are often 
referred to as ‘‘methane”’ type gases. Several analyses of such gases 
are already given in Tables I and II. The volume of gas produced by 
wells containing this type of gas is ordinarily small, although the total 
quantity of such gases is probably very great. A sample of gas from 
a drilling well in Florida contained more than 98 per cent methauie as 
the only hydrocarbon present (Table II). 

A very high percentage of commercial natural gas contains meth- 
ane as the major constituent but always associated with lesser quan- 
tities of ethane, propane, butanes, pentanes, hexanes, heptanes, 
octanes, nonanes, and higher-boiling hydrocarbons, and in the Appa- 
lachian region is always associated with more or less oil; thus it might 
be spoken of as “‘oil” type gas. Methane accounts for more than one- 
third by weight of the produced and known reserves of gas and oil in 
West Virginia, so that any theory relating to the origin of gas and oil 
should account for prolific generation of methane. 
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ETHANE AND HIGHER-BOILING COMPOUNDS 


Practically all the hydrocarbons in natural gas are straight- or 
branched-chain saturated hydrocarbons of the paraffine series, with 
the straight-chain compounds predominating, that is, there is three to 
four times as much normal butane as iso-butane. 

Ethane, propane, butanes, pentanes, hexanes, heptanes, and 
higher-boiling compounds exist in natural gas in decreasing quantities 
in the order named. Methane always decreases as these higher hydro- 
carbons increase in definite ratios in different wells of any reservoir. 
Some evidence indicates that the quantity of ethane and higher com- 
ponents is a measure of the quantity of oil associated with the gas, so 
that it would appear that theories relating to the origin of oil should 
also account for these hydrocarbons, and they are frequently present 
in a greater quantity by weight than the oils. As stated previously the 
variations in hydrocarbon content appear to present a picture related 
to that of the sedimentary basin rather than that of the structural 
basin. 

The nitrogen content of natural gas does not appear to be related 
in any way to the hydrocarbon content or to the regional geology of 
the Appalachian area. The gas along the southeastern side of the pro- 
ducing areas is very low in nitrogen with most values considerably 
less than two per cent. This low nitrogen area roughly follows a major 
structural feature, the Chestnut Ridge anticline. The nitrogen con- 
tent increases toward the northwest, with highs through central Ohio 
which parallel the Cincinnati arch. The high-nitrogen gases extend 
into Ontario, Canada, with many analyses indicating more than 10 
per cent. One might infer, then, that the low nitrogen values represent 
the quantity of nitrogen which results from the decomposition of 
nitrogenous organic materials during the generation of oil and gas, 
while nitrogen values much greater than these had sources other than 
those from which oil and gas are produced, or the source material, if 
organic, was much higher in proteins and other nitrogenous organic 
materials. The nitrogen does appear to have a definite relation to the 
oil in the reservoirs studied, that is, low nitrogen values are associated 
with the oil. Possibly this might be an indication that carbohydrates 
produced more oil than proteins. The variation in nitrogen content 
in the reservoir may be the result of gravitational separation. 


CARBON DIOXIDE 


Natural gas coming from rocks above the Oriskany (Lower De- 
vonian) in the Appalachian region are relatively free from carbon 
dioxide; the average content is probably less than .o2 per cent. The 
natural gas coming from formations in or below the Oriskany com- 
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monly contains from 1 to 45 per cent carbon dioxide. Even where these 
rocks are close to the surface, appreciable quantities of carbon dioxide 
are found. This high carbon dioxide in these lower sediments may indi- 
cate higher carbon dioxide content of the atmosphere during their 
deposition or bacterial action under stagnant conditions with resultant 
production of carbon dioxide may have been more predominant. 


HYDROGEN SULPHIDE 


Hydrogen sulphide is absent in the gases from sediments above 
the Oriskany. In and below the Oriskany, however, hydrogen sulphide 
occurs in quantities from traces to as much as 25 per cent by volume. 
A plausible and generally accepted explanation for the origin of hy- 
drogen sulphide in sediments is that sulphates are reduced by sulphate- 
reducing bacteria,’ and also bacteria liberate hydrogen sulphide from 
sulphur-containing proteins. If this explanation is a correct one, then 
the presence of considerable quantities of hydrogen sulphide is an- 
other indication that bacterial action may have been prolific under 
stagnant conditions in deep quiet basins during the time these sedi- 
ments were deposited. 


RELATION OF GASES TO OTHER CONSTITUENTS PRESENT 


Natural gases occur in porous sections of sand, limestone, shale, 
and coal. Sufficient pore space to permit the free movement of gases 
and liquids during generation of oil and gas was necessary. The 
original reservoir may have been an all-important “reaction” chamber 
during the generation of oil and gas without which “reaction” cham- 
ber very little if any oil and gas would have been formed. Contact be- 
tween reacting molecules is necessary if a reaction which produces oil 
is intermolecular. The gases and oil are associated with water and salt 
brines. Possibiy the only functional relationship between the two is 
that the water and brines commonly act as part of the trap in which 
the gas and oil are confined. The reduction of calcium sulphate by bac- 
teria or organic matter is probably responsible for hydrogen sulphide 
in the gas, and calcium sulphate is associated with the sediments that 
contain hydrogen sulphide. 


THEORIES AND HYPOTHESIS RELATIVE TO ORIGIN, MIGRATION, 
AND NATURAL STORAGE OF NATURAL GAS 


It is now generally believed that natural gas and petroleum in 
nature result from slow changes of the organic matter in the sediments 
of shallow seas. The changes through which this organic matter goes 


7 William H. Twenhofel, Treatise on Sedimentation, p. 451. The Williams & Wilkins 
Company, Baltimore (1932). 
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are not so generally agreed upon. Biologic processes, hydrogenation, 
thermal decomposition, methylation, polymerization, and usually 
some combination of these are frequently discussed as the mode by 
which gas and oil are formed. Even an approximate evaluation of the 
influence of pressure, heat, and especially time, presents many diffi- 
culties. Heat is looked upon with high favor by many students of the 
origin of gas and oil. 

It is a matter of common knowledge that biologic processes gen- 
erate large quantities of methane and some hydrogen, and after vigor- 
ous action has ceased there frequently remain in the sediments quan- 
tities of organic materials that are rich in carbon and hydrogen. The 
methane that is trapped in the sediments may possibly react with the 
reduced organic material to produce the hydrocarbons as they now 
exist. The composition of the gas and oil would depend on the relative 
amounts of methane and reduced organic matter originally present 
in the trap or “reaction chamber.” In the deeper parts of the basin 
more organic matter would escape decomposition so that large quanti- 
ties of organic matter would be associated with relatively smaller 
quantities of methane and possibly hydrogen. At the end of the “‘hy- 
drogen-exchange”’ reaction the quantity of higher-boiling hydrocar- 
bons would be high compared with the methane left. Near shore very 
little organic matter would escape decomposition so that larger quan- 
tities of methane would be trapped, with very little reduced organic 
matter remaining, so that a high-methane gas would be formed with 
very small amounts of oil. 

More than 60 per cent of the carbon and hydrogen in natural gas 
and oil would come from methane, some of which would be forced to 
migrate into the reservoir on compaction of the sediments. The dif- 
ferences in oils might result from differences in the constituents in the 
reduced organic matter and to varying temperatures, pressures, and 
age. 

SUMMARY 

The variation in the composite composition of natural gas in the 
Appalachian Province coincides more nearly with that of the sedi- 
mentary environment than with the structure of the region as in- 
fluenced or controlled by dynamic metamorphism. 

A definite areal distribution of the compounds in natural gas is 
found to occur within a reservoir so that a map of these variations in- 
dicates the position of the gas, oil, and water with respect to each 
other. Methane decreases, ethane and higher-boiling hydrocarbons 
increase toward the oil. The gasoline vapors increase to a maximum 
and then decrease as the oil is approached, provided the oil is in 
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quantity and in a restricted area. The water vapor increases in the 
gas as the liquid water level is approached. A quantitative relation- 
ship may exist between the amounts of the hydrocarbons in natural 
gas and in oil in a reservoir. 

The composition of near-surface gases is different from the com- 
position of natural gas in the lower formations, and the near-surface 
gases are mostly ‘‘methane”’ type gases. 

Methane occurs as the major compound in all natural fuel gases 
and in many places is the only hydrocarbon present, while ethane and 
higher-boiling hydrocarbons increase as the methane decreases in 
gases associated with oil. The nitrogen content varies widely in dif- 
ferent parts of the Appalachian region, although there is a systematic 
reservoir and regional variation. The carbon dioxide and hydrogen 
sulphide occur in quantity in the older producing formations. 

It is suggested that the methane and reduced organic matter re- 
maining in the sediments after cessation of vigorous bacterial action 
have reacted, through time, to approach an equilibrium mixture of 
the hydrocarbons that occur in oil and gas. The quantity of each of 
the hydrocarbons in the mixture would be dependent on the quantity 
of methane and reduced organic material available. The reaction 
would be mildly influenced by temperature and pressure changes and 
would require long time periods. The composition of petroleum would 
be affected by the nature of the organic matter and the age of the oil. 
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CRITERIA FOR SUBSURFACE RECOGNITION 
OF UNCONFORMITIES! 


W. C. KRUMBEIN? 
Chicago, Illinois 


ABSTRACT 


Criteria which have been advanced as evidences of unconformities are summarized 
and discussed in terms of their application to subsurface studies. These criteria are 
classified as sedimentary, paleontologic, and structural; approximately 40 are con- 
sidered. It is emphasized that certain limitations must’ be imposed on the criteria, 
but that the convergence of several lines of evidence may strongly suggest the presence 
of stratigraphic breaks. Extensions of this reasoning to the possible development of new 


criteria are pointed out. 
INTRODUCTION 

The increasing importance of stratigraphic traps as opposed to 
structural traps has been emphasized by Levorsen.* To a large extent 
the finding of such traps depends on a critical application of funda- 
mental principles of sedimentation and stratigraphy to the problem. 
In many instances stratigraphic traps are associated with unconformi- 
ties, and it becomes increasingly necessary that adequate criteria be 
available for recognizing stratigraphic breaks. 

Most criteria for unconformities are based on surface observations. 
Modern geological exploration, on the other hand, proceeds largely 
on a subsurface basis. The question accordingly arises whether these 
same criteria can be recognized in the subsurface, and especially 
whether that can be done with the data from a limited number of 
wells. 

Several writers have published lists of criteria for unconformities 
which apply either locally or generally. Among such summaries are 
those of Stephenson‘ and Twenhofel.f The present paper attempts to 
extend these summaries, as an aid to further study. For this purpose 
unconformities are defined and classified, and criteria which have 
been advanced for their recognition are tabulated and discussed. The 
treatment is purposely kept rather broad in scope, so that the results 
may be of general interest. Emphasis is placed on subsurface applica- 
tions, however, as far as that is feasible. 

1 This paper presents in extended form material included in a Round Table discus- 


sion on Problems in Sedimentation at the Houston meeting, April, 1941, under the 
auspices of the A.A.P.G. Research Committee. Manuscript received, May 28, 1941. 


2 Assistant professor of geology, University of Chicago. 

3A. I. Levorsen, “Stratigraphic versus Structural Accumulation,” Bull. Amer. 
Assoc. Petrol. Geol., Vol. 20 (1936), pp. 521-30. 

*L. W. “Unconformities in Upper Cretaceous Series of Texas,” 
Amer. Assoc. Petrol. Geol., Vol. 13 (1929), Pp. 1323-34- 


5 W. H. Twenhofel, “Marine Unconformities, Marine Conglomerates, and Thick- 
nesses of Strata,” Bull. ” Amer. Assoc. Petrol. Geol., Vol. 20 (1936), pp. 677-703. 
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There is considerable variation in the use of terms describing un- 
conformities. In order to set a basis of understanding, the writer fol- 
lows Twenhofel® in his definition. 

An unconformity is a surface of erosion or of non-deposition, which 
separates two groups of strata. Unconformities are divided into two 
groups: a #on-conformity involves the folding and erosion of the older, 
underlying strata previous to the deposition of the younger rocks. A 
disconformity involves erosion or non-deposition, but includes no def- 
ormation of the underlying strata.’ 

It is to be noted that the definition of unconformity used here is 
broad enough to include stratigraphic breaks ranging from relatively 
minor cessations of deposition to major discordances between strata. 
Such a broad definition is necessary for the discussion which follows, 
because most criteria of unconformities do not afford a basis for de- 
termining the magnitude of the break. The only kind of unconformity 
which is readily identified is the non-conformity, which may be dis- 
tinguished by the discordance of beds above and below the break. To 
this extent the definition of a non-conformity is operational, that is, 
the distinc:ion may be made on the basis of direct field observations 
alone. Beyond this, distinctions between disconformities, diastems, 
and the like may be purely inferential, and may depend for their 
validity on the soundness of the inference. In the absence of paleon- 
tologic evidence there may be no way of distinguishing between them. 

The term “‘criterion” also deserves mention, inasmuch as a crite- 
rion should bea rule or test for judging the correctness of an interpre- 
tation. Many of the criteria of unconformities do not establish the 
correctness of the interpretation; rather, they are signposts which 
point with greater or less accuracy in a given direction. Nevertheless, 
the term has come into common use, and it is with this qualification 
that the criteria discussed here are presented. Likewise, the term un- 
conformity is used in its broadest sense, with no implications as to the 
magnitude or duration of the break. Where distinction seems justi- 
fied, the term diastem will be used to describe the minor breaks. 

The justification for this all-inclusive usage of terms is that a 
knowledge of features associated with particular unconformities may 
call attention to apparently minor items, which if examined more 
carefully may yield important data. In a given well, for example, an 
unconformity may be represented by a relatively insignificant break, 


6 W. H. Twenhofel, Principles of Sedimentation, New York (1939), pp. 512-13. 


7 The term diastem is used for disconformities of rank lower than a formation. 
Ravinement describes a disconformity produced by movement of masses of water, not 
necessarily accompanied by earth movements. 
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and yet within a score of miles this may develop into a major feature. 

The difficulty of interpreting evidences of unconformities is that 
each of the several gradational agents is capable of developing uncon- 
formities, so that wind, ground water, streams, glacial ice, and shore 
agents may produce them. Hence unconformities may be associated 
with wind deposits, stream deposits, glacial deposits, deltaic deposits, 
beach deposits, or with marine beds. Unconformities produced under 
such varying conditions may differ widely in the time-intervals they 
represent and in the relief of their surfaces. Under suitable conditions a 
single unconformity may occur at more than one level in a strati- 
graphic column. In some circumstances a number of diastems may 
apparently branch out from a principal unconformity. Twenhofel 
cites examples of these complexities.® 

The importance of unconformities in the localization of oil pools 
has been stressed by numerous writers. Levorsen,® for example, 
showed that unconformities play an important réle in the Mid-Con- 
tinent region. Beds normally widely separated in the geological col- 
umn may be brought into juxtaposition, thus affording opportunities 
for source beds to come into contact with reservoir rocks. The sealing 
of tilted beds against the unconformity may result in a trap below the 
surface of separation, or the occurrence of coarse clastics above the 
unconformity may permit the development of pools in the later basal 
beds. In short, the abrupt discontinuity introduced by an uncon- 
formity sets the stage for a number of situations in which localization 
of oil may occur. 

CRITERIA OF UNCONFORMITIES 


There is an extensive literature on unconformities, and the writer 
has not attempted to examine it exhaustively. Instead, emphasis is 
placed on those papers which introduce, describe, or discuss the cri- 
teria of unconformities. These criteria are classified into three types, 
depending on whether they are mainly sedimentary, paleontologic, or 
structural. Each criterion is treated as a unit for ease of reference. 
Attention is paid to instances in which the criteria fail as well as to 
those in which they succeed, in order to emphasize the need for caution 
in interpretation. 

The writer does not presume to pass on the validity of the criteria; 
his réle is that of reporter, and in the long run it is a pooling of experi- 
ence which determines the acceptability of any criterion. The writer 


8 Principles of Sedimentation (1939), pp. 514-18. 
® A. I. Levorsen, ‘Relation of Oil and Gas Pools to Unconformities in the Mid-Con- 
tinent Region,” Amer. Assoc. Petrol. Geol. Problems of Petroleum Geol. (1934), pp. 761- 
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would appreciate discussion and correspondence on specific points, 

particularly on criteria which may not be valid under any circum- 

stances, on criteria which he may have overlooked, and on important 

literature sources and examples of the success or failure of the criteria. 
SEDIMENTARY CRITERIA 

1. Basal conglomerate——The occurrence of basal conglomerate is 
by definition a criterion of unconformity. Such conglomerates are 
relatively common in the geological column, and numerous examples 
may be cited. The basal Upper Cambrian in Missouri, and the basal 
Pennsylvanian in the Mid-Continent are examples. In surface ex- 
posures a basal conglomerate is demonstrated by its content of pebbles 
from underlying formations, its relative thinness, its laterai extent, 
and by its seaward gradation into finer beds. Some of these features 
may occur in interformational conglomerates (see criterion 14), but 
according to Plummer* true basal conglomerates contain more 
weathered, etched, and angular pebbles, and in general are less well 
sorted than interbedded conglomerates. 

In the subsurface the problem is to prove that the conglomerate is 
basal. The presence of conglomerate may be seen by the rounded sur- 
faces on the chips; Adamsf suggests that the basal nature may be 
shown by mixed residual rock types in the cuttings, such as blue or 
red chert, et cefera. With a sufficient number of wells the relation of the 
conglomerate to successive underlying formations may be demon- 
strated. 


* F. B. Plummer, Bureau of Economic Geology, Austin, Texas, personal communi- 
cation. 
t J. E. Adams, Standard Oil Company of Texas, personal communication. 


2. Basal black shale—Where a transgressive sea floods an old 
peneplain surface, on which residual soil has accumulated, the soil 
may be incorporated without much change into a basal bed. If the 
soil has a high organic carbon content, a black carbonaceous shale 
may be formed as a basal layer, grading upward into fine-grained 
clastics. Grabau* cites an example of this in the Black Noél (Eureka) 
shale which overlies eroded Ordovician strata in the Mississippi Valley. 
It is necessary to demonstrate that the black shale is basal in the use 
of this criterion, because black shales are known to occur conformably 
within sedimentary series, as in the Pennsylvanian of Illinois, Texas, 
et cetera. 


* A. W. Grabeu, “Types of Sedimentary Overlap,” Bull. Geol. Soc. America, Vol. 
17 (1906), pp. 567-636. 
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In well cuttings the basal black shale will show up presumably as 
an ordinary black shale, and in the absence of other supporting evi- 
dence (paleontological mainly, but see criterion 23), it is doubtful 
whether the shale could.be accepted as a criterion of unconformity. 


3. Desert varnish.—In arid or semi-arid regions pebbles lying on 
the surface frequently have a thin brown-to-black coating of iron and 
manganese oxides, called collectively ‘desert varnish.” This is at- 
tributed to capillary action which brings materials in solution to the 
surface of the pebbles. Laudermilk* showed that lichens play a part 
in the process. An apparent case of desert varnish has been reported 
in a pebble bed at the base of the Clinton iron ore in Wisconsin, rest- 
ing on eroded Ordovician shale. On the other hand, Twenhofelf{ points 
out that a somewhat similar coating is produced under aqueous con- 
ditions through the deposition of manganese oxide on the surfaces of 
pebbles. Such pebbles occur in the Neda iron ore of Wisconsin (Upper 
Ordovician), where they are associated neither with true desert varn- 
ish nor with an unconformity. 

In the subsurface the recognition of desert varnish from rock cut- 
tings may be limited to finding portions of the polished surfaces of 
pebbles. The presence of manganese in the coatings is supporting evi- 
dence. (See also criterion 9.) 


* J. D. Laudermilk, “On the Origin of Desert Varnish,” Amer. Jour. Sci., Vol. 21 
(1931), Pp. 51-66. 

t A. W. Grabau, Principles of Stratigraphy, New York (1913), p. 57- 

t Principles of Sedimentation (1939), p. 272, and personal communication. 


4. Lag gravel (pebble bands).—Under conditions of subaerial ex- 
posure, especially where wind work is important, lag deposits of coarse 
material may develop. Dreikanters and similar pebbles may be 
formed. The presence of such pebbles in undisturbed position in older 
formations is a reliable indication of the subaerial origin of the de- 
posit. Grabau* refers to such pebbles in the basal Cambrian sands of 
Sweden. Lag gravels may also form on the sea bottom, where cur- 
rents may remove the finer material. Such lag gravels may also occur 


* Principles of Stratigraphy (1913), p. 54. 
{ J. L. Hough, “The Bottom Deposits of Southern Lake Michigan,” Jour. Sed. 
Petrology, Vol. 5 (1935), pp. 57-80. 
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as mere pebble bands in the stratigraphic column. The problem in 
such instances is to demonstrate their origin. 

In the subsurface traces of the pebbles may be found in the well 
cuttings. Thickness of the band and possible associations may be im- 
portant. 


4a. Aeolian cross-lamination.—The occurrence of wind cross-lamination 
within a stratigraphic section demonstrates subaerial conditions, and may 
imply an interval of wind erosion and deposition.* Cross-lamination identified 
as aeolian occurs in the St. Peter sandstone, which unconformably overlies 
the Shakopee dolomite in northern Illinois.t A difficulty involved here is 
whether one can identify wind cross-lamination. 

in the subsurface it seems doubtful whether cross-lamination could be 
recognized in well cuttings, although it is readily discernible in cores. 


* This criterion was suggested by J. E. Adams, Standard Oil Co. of Texas, New 
Orleans, at the Round Table discussion. 


+ G. H. Cady, “Geology and Mineral Resources of the Hennepin and LaSalle Quad- 
rangles,” Illinois State Geol. Survey Bull. 37 (1919), P. 37- 


5. Edgewise conglomerate-—Edgewise conglomerates are ascribed 
in part to slight reworking of thin-bedded consolidated sediments. 
They are commonly intraformational, and apparently occur in con- 
formable sets of beds.* Stose,t however, describes such edgewise con- 
glomerates in the basal portion of the Conococheague limestone 
(Upper Cambrian) of the Mercersburg-Chambersburg quadrangles, 
Pennsylvania. The conglomerate is associated with rounded limestone 
pebbles. Stose argues that the formation of this conglomerate involved 
uplift and shallowing of the seas, which permitted the breaking of the 
limestone layers into shingles, which were shuffled about and de- 
posited as edgewise beds. In general it may not be safe to relate 
edgewise or intraformational conglomerates to unconformities; at. 
most they probably represent relatively minor diastems. 

In the subsurface it seems doubtful whether edgewise conglom- 
erates can be detected in cuttings, although they are readily recog- 
nized in cores. Before significance is attached to them, it may be 
necessary to have supporting evidence, such as pebbles from known 
earlier formations. 


* Treatise on Sedimentation, 2nd ed. (1932), pp. 216-17. 
+ G. W. Stose, U. S. Geol. Survey Folio 170 (1909), p. 16. 
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6. Residual (weathered) chert—Zones of weathered chert are asso- 
ciated with some unconformities in the Mid-Continent, as that at the 
base of the Cherokee shale. Such chert zones may be chalky white, 
red, yellow, or greenish in color. It is important to distinguish between 
beds of ordinary chert and weathered beds, because interbedded chert 
is common in many limestones and has no significance as a criterion 
of unconformity. During the weathering of cherty limestones a resid- 
ual chert may be left behind, composed of broken fragments which 
may become cemented. Surface exposures generally include sufficient 
evidence to decide whether a disconformity is present. 

In the subsurface it is probably necessary to rely on color, and on 
evidences of a fragmental nature of the original bed. Cuttings may con- 
tain parts of previously cemented fragments, for example. Where the 
evidence for weathered chert is sound, the criterion is valid. 


6a. Silicified erosion surfaces—Leith* describes many instances in which 
old erosion surfaces are capped by chert. Such silicified erosion surfaces are 
formed by the concentration of residual chert during the weathering of lime- 
stones. Leith cites Ulrich who states that such residual cherts found in wells 
were later shown to occur at unconformities. This criterion is related to 
Woolnough’s duricrust (see criterion 12a). 

Silicified erosion surfaces are by definition criteria of unconformities, 
because they involve subaerial erosion. The problem in any given instance is 
to demonstrate that the chert is residual. 


* C. K. Leith, “Silicification of Erosion Surfaces,’”’ Econ. Geol., Vol. 20 (1925), pp. 
513-23. 


7. Glauconite zones—Goldman* was the first to emphasize that 
glauconite zones may be associated with unconformities. For exam- 
ple, the break between the Ellenburger limestone and the “lower 
. Bend” in north-central Texas is marked by glauconite. The glauco- 
nitic zone may occur directly above the break or occasionally a foot or 
two above. The coincidence of glauconite with unconformities has 
been mentioned by other workers since Goldman. On the other hand, 
there are many occurrences of glauconite in known conformable se- 
ries. For example, glauconite zones 20 or more feet thick occur in the 
Cambrian of Wisconsin. It thus appears that in the absence of other 


* M. I. Goldman, “Lithologic Subsurface Correlation in the Bend Series of North- 
Central Texas,” U. S. Geol. Survey Prof. Paper 129-A (1929). 
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evidence glauconite is a doubtful criterion of unconformity. t Goldman 
observed, however, that the glauconite associated with unconformi- 
ties is usually coarser and of a deeper color than that disseminated 
through conformable beds. The value of glauconite is increased when 
it is found in association with other criteria. For example, glauconite 
was found with phosphate nodules (criterion 8) by Goldman, and with 
pyrite by Fisher.{ Twenhofel** reports the occurrence of pyrite with 
glauconite in the Franconia of Wisconsin, in conformable beds. 

In the subsurface, glauconite can be detected in well cuttings by 
its appearance. Such features as color, relative concentration, thick- 
ness of the zone, and possible associations are worthy of note. 


{ W. H. Twenhofel in Round Table discussion. 
t See reference under criterion 11. 
** Personal communication. 


8. Phosphatic peilets or nodules—The occurrence of phosphatic 
nodules and pellets in association with unconformities has been re- 
ported by numerous writers. Miser* found phosphatic nodules asso- 
ciated with the unconiormity at the top of the Fernvale limestone; 
the nodules are in the Cason (Ordovician) shale which rests uncon- 
formably on the Fernvale. Stephenson lists phosphatic layers (com- 
posed of phosphatic fossil casts, bones, etc.) as one of his eight criteria 
for unconformities in the Upper Cretaceous in Texas. Twenhofel is of 
the opinion that phosphatic pellets suggest but do not prove uncon- 
formities.{ Phosphatic nodules were found associated with glauconite 
(criterion 7) in the Bend series of Texas by Goldman.** Miser found 
manganese carbonate (criterion 9) associated with phosphate in the 
Cason shale. Pettijohn}} reports concentrations of pyiite with phos- 
phatic pellets at the top of the Platteville limestone. Grant and Bur- 
chard{f{ found a conglo'aerate of chert and phosphate pebbles in a 
ferruginous matrix at th base of the Maquoketa shale. 

In the subsurface the phosphatic nodules may be recognized in 


* H. D. Miser, “Deposits of Manganese Ore in the Batesville District, Arkansas,” 
U. S. Geol. Survey Bull. 734 (1922). 


t L. W. Stephenson, ‘‘Unconformities in Upper Cretaceous Series of Texas,” Bull. 
Amer. Assoc. Petrol. Geol., Vol. 13 (1929), pp. 1323-34- 


t Principles of Sedimentation (1939), Pp. 513- 

** See reference under criterion 7. 

Tt See reference under criterion 11. 

tt U. S. Grant and E. F. Burchard, U. S. Geol. Survey Folio 145 (1907). 
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well cuttings by their appearance, or by a qualitative chemical test 
for the phosphate radical. Relative concentration, thickness of the 
zone, and associations are important. 


8a. Phosphatized erosion surfaces During the weathering of phosphatic 
limestones the relatively more soluble calcite may be leached, leaving a 
residual concentration of calcium phosphate near the surface. Such deposits, 
often quite thick, are known in Tennessee and elsewhere.* The writer does not 
know of any reference to such deposits associated with known unconformities, 
but it seems probable that they may occur. Basal Permian beds containing 
phosphate fragments have been reported in the Rocky Mountain region.f 
This criterion is also related to Woolnough’s duricrust (see criterion 12a). 

In the subsurface the phosphate-rich cuttings may be associated with 
limestone, and may thus escape notice in the absence of chemical tests for the 
phosphate radical. 


* C. W. Hayes, “Origin and Extent of the Tennessee White Phosphates,” U.S. 
Geol. Survey Bull. 213 (1903). 
t Treatise on Sedimentation, 2nd ed. (1932), p. 560. 


9. Manganiferous zones.—Concentrations of manganiferous com- 
pounds have been noted in association with unconformities. Miser* 
describes such an occurrence in the Batesville, Arkansas, district, 
where nodules of iron-manganese carbonate are found in the Cason 
shale, which unconformably overlies the Fernvale limestone. The un- 
weathered nodules are pale greenish gray, and resemble concretions. 
Manganiferous material has also been observed in sediments not asso- 
ciated with unconformities,} as in the Pierre shales of South Dakota 
and the Franciscan chert of the west coast. 

In the subsurface manganese carbonate may be recognized by its 
appearance or by suitable chemical tests. It may be associated with 
phosphate nodules (criterion 8) as in the Batesville district.{ Petti- 
john** found traces of manganese with phosphate and pyrite in the 
Platteville. Associations, relative concentration, and thickness of the 
zone may be important. 


* See reference under criterion 8. 

| Principles of Sedimentation (1939), Pp. 412. 
t See reference under criterion 8. 

** See reference under criterion 11. 
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10. Iron oxide zones.—Concentrations of iron oxide are known to 
occur in association with some unconformities. Sharp* studied the 
iron-oxide concentration below the epi-Algonkian surface of weather- 
ing in the Grand Canyon region, and found local marked increases in 
the amount of iron oxide as the unconformity was approached from 
below. At a depth of 10 feet below the unconformity the concentration 
of oxide was 2.5 per cent, but three inches below the unconformity it 
had increased to 12.8 per cent. In other localities residual enrichment 
of iron was suspected but not proved. During the formation of later- 
itic soils a marked concentration of iron oxide may form in the soil pro- 
file.f Distinction is usually not made between limonite and hematite, 
but presumably the oxide is in hydrated form. 

In addition to its occurrence at unconformities, iron oxide zones 
or beds occur in some conformable series, so that as a criterion the oc- 
currence of iron oxide may be merely suggestive. J. E. Adamsf warns 
that pipe and pump scale may contribute iron oxide to the cuttings, 
as may rust scales from the bit. 

In the subsurface the identification of iron oxides is relatively sim- 
ple, and attention should presumably be paid to the relative concen- 
' tration, thickness of the zone, nature of the oxide (coatings, pellets, 
kind of oxide, e¢ cetera), and associations. 

*R. P. Sharp, “Ep-Archean and Ep-Algonkian Erosion Surfaces, Grand Canyon, 
Arizona,” Bull. Geol. Soc. America, Vol. 51 (1940), pp. 1235-70. 

Tt Treatise on Sedimentation, 2nd ed. (1932), Pp. 440. 

t Personal communication. 


11. Pyritiferous zones—Concentrations of pyrite have been ob- 
served along disconformities by some workers. Fisher* reports the oc- 
currence of disseminated crystals of pyrite along the “smooth surface”’ 
between the Kankakee and Niagaran dolomites in Illinois. This con- 
tact represents at least an interval of non-deposition. Grabauf refers 
to an unconformity assumed to exist between the pyritiferous Bray- 
man shale and the underlying Binnewater (Silurian) sandstone of the 
Schoharie region. Pettijohn{ reports pyrite associated with phosphatic 
pellets along a minor disconformity at the top of the Platteville. 
Traces of manganese (criterion 9) were also present. Fisher reported 

* D. J. Fisher, “Geology and Mineral Resources of the Joliet Quadrangle,” I/linois 
State Geol. Survey Bull. 5) Pe 3%: 

} A. W. Grabau, Principles of Stratigraphy, New York (1913), p. 823. 


_ YF. J. Pettijohn, “Intraformational Phosphate Pebbles of the Twin-City Ordo- 
vician,” Jour. Geol., Vol. 34 (1926), pp. 361-73. 
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the apparent association of glauconite with the pyrite in the Kanka- 
kee. Pyrite is rather commonly disseminated through some con- 
formable strata, as in the Niagaran dolomite of the Chicago region. 
In itself, therefore, a pyritized zone may not be decisive. 

In the subsurface the recognition of a pyritized zone is compara- 
tively simple, owing to the characteristic appearance of the mineral, 
except perhaps where it is composed of very fine crystals. Thickness of 
the zone, relative concentration, and possible associations are impor- 
tant. 


12. Caliche zones.—Under arid or semi-arid conditions the evapo- 
ration of ground water may cause deposition of relatively soluble 
salts near the surface. Such deposits are known as “caliche,”’ and are 
relatively common in some regions.* The deposits may be relatively 
thin (one to several feet thick) or they may extend to thicknesses of 
20 or more feet. Locally the caliche may assume the form of pisolites 
or isolated concretionary structures.t The subsequent burial of such 
zones may lead to their preservation at unconformities. Price related 
deposits of caliche with periods of emergence in the Reynosa of the 
Texas Gulf Coast. 

In the subsurface the problem is correctly to identify the caliche. 
According to Price this may entail special difficulties. With correct 
identification, however, the criterion appears valid. 


* W. A. Price, “Reynosa Problem of South Texas, and the Origin of Caliche,” Bul. 
Amer. Assoc. Petrol. Geol., Vol. 17 (1933), PP. 488-522. 


{ Treatise on Sedimentation, 2nd ed. (1932), Pp. 479. 


12a. Duricrust.—Woolnough* used the term “duricrust” to describe hard 
crusts of caliche, alumina, iron oxides, silicified material, et ceféra, which may 
occur at the surface in semi-arid regions. Duricrust is thus a general term 
which may include such other phenomena as Leith’s silicified erosion sur- 
faces (criterion 6a), phosphatized erosion surfaces (criterion 8a), and caliche 
itself (criterion 12). According to Price,} duricrust is the stratum, and caliche 
is the particular rock type of which it is composed. 


* W. G. Woolnough, “Origin of White Clays and Bauxite,” Econ. Geol., Vol. 23 
(1928), pp. 887-94. 
See reference under criterion 12. 
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13. Corrosion surfaces.—Sardeson* described conglomerates of 
blackened limestone pebbles at the base of the Platteville limestone 
in St. Paul, Minnesota. According to Sardeson, the pebbles were 
formed during an interval of non-deposition, in which the sea water 
partially redissolved the pebbles, leaving a residual coating of iron 
oxide on them. Sardeson reports that a small-scale unconformity may 
be seen at each corrosion surface. The conglomerate is intraforma- 
tional, which suggests at most a diastem. ; 

In the subsurface it may be possible to detect traces of the black- 
ened and corroded pebbles in the cuttings. Thickness of the layer and 
possible associations may be important. 


* F. W. Sardeson, “Characteristics of a Corrosion Conglomerate,” Bull. Geol. Soc. 
America, Vol. 25 (1914), pp. 265-76. 


14. Interbedded conglomerate——Here and there a conglomeratic 
zone is found interbedded with finer sediments, either clastic or non- 
clastic. Such interbedded materials may be associated with discon- 
formities, but beds of conglomerate occur in known conformable 
sequences, as in the Renault conglomerate (Chester) in Missouri. 
Twenhofel* states that layers of conglomerate suggest but do not 
prove a disconformity. 

In surface exposures the relation of the conglomerate to associated 
beds may generally be seen; in the subsurface the difficulty of inter- 
pretation increases, as was pointed out under criterion 1. 


* Principles of Sedimentation (1939), Pp. 513- 


15. Clastic zones in non-clastics—The abrupt appearance of clastic 
zones, such as sandstones, in a sequence of typical non-clastics or finer 
clastics, may suggest a disconformity. For example, the Whirlpool 
sandstone of Niagara Falls lies unconfcrmably on the Queenston shale 
(Upper Ordovician) and is overlain conformably by the Cabot Head 
shale (Lower Silurian). On the other hand, there are numerous in- 
stances of clastic interbeds in strictly conformable series. An example 
is the basal sand of the Grand Tower in Missouri, which lies conforma- 
bly on the Little Saline limestone. 

Surface exposures commonly afford adequate data for testing the 
significance of clastic interbeds. In the subsurface they can hardly be 


| 
| 
i 
| 
| 
| 
| 


48 W. C. KRUMBEIN 


considered more than suggestive; Twenhofel,* for example, considers 
them definitely doubtful. 


* Principles of Sedimentation (1939), p. 518. 


16. Abrupt changes in heavy-mineral assemblages.—As early as 1916 
Boswell* called attention to the abrupt changes in heavy-mineral 
suites which accompany unconformities. In many places the suite is 
much richer above the unconformity than below, due to the “‘flood- 
ing” of such species as garnet, tourmaline, epidote, zircon, rutile, 
et cetera.{ Hedberg{ may be mentioned as a specific reference to the 
successful use of such floods to locate unconformities. The writer is not 
aware of the occurrence of heavy-mineral floods in conformable beds, 
although “pay streaks” of magnetite, garnet, e¢ cetera, may occur in 
beach and dune sands.** 

In the subsurface the abrupt appearance of floods of heavy min- 
erals may be seen in the cuttings, especially with some preparation by 
concentration. Apparently where such floods occur the probability is 
strong that an unconformity is present. 

* P. G. H. Boswell, “The Application of Petrological and Quantitative Methods to 
Stratigraphy,” Geol. Mag., Vol. 53 (1916), pp. 105-11; 163-69. 

} H.B. Milner, Sedimentary Petrography, 3rd ed., London (1940), p. 465. 


t H. D. Hedberg, ‘‘Some Aspects of Sedimentary Petrography in Relation to Stra- 
tigraphy in the Bolivar Coast Fields of the Maracaibo Basin, Venezuela,” Jour. Paleon., 


Vol. 2 (1928), pp. 32-42. 
** P, G. H. Boswell, On the Mineralogy of Sedimentary Rocks, London (1933), Pp. 73. 


17. Radioactive mineral zones.—There appears to be some evidence 
that radioactive minerals may be concentrated along some unconform- 
ities. In his discussion of radioactivity well logs, Heiland* says, 
it has been found that gamma rays will pick up readily the presence of un- 
conformities, which is probably due to the concentration of radioactive ma- 
terials at such surfaces. 


Further studies of the relative concentrations of radioactive minerals 
at known unconformities, the identity of the radioactive materials, 
thickness of the zones, and associations, should aid in the development 
of another criterion which may be used directly by geologists. 


* C. A, Heiland, Geophysical Exploration, New York (1940), p. 55%: 


t 
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18. Porous zones in limestone.—Limestone exposed subaerially fre- 
quently develops porous zones. To the extent that such porosity is due 
to solution near the surface of the ground-water table, these zones 
within beds of limestone may indicate unconformities. Solution chan- 
nels in the rock would suggest this relationship.* Twenhofelf ex- 
pressed doubt regarding the validity of porous zones, owing to the 
wide variety of circumstances which may produce porosity in lime- 
stone. Odlitic limestones, for example, are commonly very porous. 

In the subsurface, porous zones in limestone may be recognized in 
cores. Caverns are indicated in limestone when the bit “falls away.” 
J. E. Adamsf reports caverns more than 14 feet high in the Yates 
pool. Electrical logs (criterion 18a) may respond to such porous 
zones. 


* W. V. Howard, Oil and Gas Journal, Tulsa. Round Table discussion. 
¢ Round Table discussion. 
t Personal communication. 


18a. Porous zones in general—To the extent that some unconformities 
represent porous and permeable zones by virtue of their coarse particles, or 
because of porosity developed during weathering, it may be possible to detect 
unconformities by electrical well logs. The response of the self-potential curve 
to porous beds is marked by abrupt kicks on the electrical log. Inasmuch as 
any porous zone responds in the same manner, it seems doubtful whether the 
mere examination of an electrical log can establish the presence of uncon- 
formities. Hanna* discussed the application of such logs to the problem and 
pointed out that their greatest value lies in tracing unconformities from well 
to well after usual stratigraphic methods have established the unconformity. 


* M. A. Hanna, Gulf Oil Corp., Houston, in Round Table discussion. 


19. Sharp differences in lithology above and below a contact—Some 
unconformities separate markedly different sets of beds, so that in 
some instances an abrupt change in lithology may indicate a strati- 
graphic break. Stephenson* lists this as one of his eight criteria, and 
cites as an example the changes which are observed between the 
Woodbine and the overlying Eagle Ford. In the Mid-Continent the 
unconformity between the Pennsylvanian and lower beds shows a 
marked change in the general character of the rocks.{ Twenhofelf 

* See reference under criterion 8. 


1 R. Hollingsworth, University of Tulsa. Personal communication. 
¢ Round Table discussion. 
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tends to discount lithological differences as criteria of unconformities, 
owing to the wide variety of conditions which may cause abrupt 
changes in the sediments. 

To the extent that abrupt lithological changes are significant, they 
are relatively easily detected from well cuttings. The characteristics of 
the shales, sandstones, and limestones may all be involved. 


tga. Abrupt change from marine to continental beds——According to Gra- 
bau,* the abrupt succession of a continental formation after a marine forma- 
tion may imply the existence of a possible hiatus between the two. He cites 
the Oriskany-Esopus contact of the Helderbergs as an example. This criterion 
is related to criterion 19, inasmuch as such a change from marine to con- 
tinental beds as a rule involves a striking change in the lithology. 

In the subsurface the problem is to demonstrate the marine and conti- 
nental origin of the beds. Contributory evidence of a paleontologic nature is 
probably required. 


* Principles of Stratigraphy (1913), p. 823. 


19b. Abrupt change in chemical composition above and below a contact.— 
In some instances the lithological composition of the beds above and below 
an unconformity may appear similar to the eye, and yet display a marked 
difference chemically. This is strikingly brought out by Prosser,* who showed 
that the Berea sandstone which unconformably overlies the Bedford in cen- 
tral Ohio differs in its calcium and magnesium content from the Bedford. 
Analyses of the rocks showed that the Bedford contains about 25 per cent 
calcium and magnesium carbonates whereas the Berea has only } of one per 
cent. This sharp change in composition occurs at the disconformity. It is 
possible that similar changes in calcium and magnesium content may occur 
in conformable beds, but the example illustrates the importance of such 
changes in locating the disconformable surface within very narrow limits. 


* C.S. Prosser, “The Disconformity between the Bedford and Berea Formations in 
Central Ohio,” Jour. Geol., Vol. 20 (1912), pp. 585-604. 


20. Asphaltic and oil-stained zones.—Oil residues are known to oc- 
cur along some unconformities, as at the base of the Pennsylvanian in 
Cklahoma and Kansas.* Rothf called particular attention to the 
asphalt zones at the top of the Ordovician at Oklahoma City. He ex- 


* F. M. VanTuyl and B. H. Parker, “The Time of Origin and Accumulation of 
Petroleum,” Colorado Sch. Mines Quart., Vol. 36, No. 2 (1941), pp. 94 ff. 


7 R. Roth, Humble Oil and Rfg. Co., Wichita Falls. Round Table discussion. 
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pressed the opinion that such zones were fairly reliable indications of 
subaerial exposure. 

In the subsurface the recognition of residues is possible from well 
cuttings. Tests with solvents may be used to supplement binocular 
observations. 


21. X-ray patterns of well cuttings—Reynolds, Means, and Mor- 
gan* applied X-ray analysis to various problems in petroleum geology, 
and showed that X-ray patterns of powdered well cuttings provided 
data for the identification of minerals present, and for the location of 
stratigraphic horizons. To the extent that X-ray patterns would 
bring out minerals commonly associated with unconformities, as 
phosphate, glauconite, e¢ cetera, they would provide a technique for 
obtaining data on their presence and associations. The interpretation 
of the data is apparently subject to the same limitations that were 
mentioned under criteria 6, 7, 8, e¢ cetera. 

* D. H. Reynolds, E. A. Means, and L. G. Morgan, “Application of X-ray Crystal 


Analysis to a Problem of Petroleum Geology,” Bull. Amer. Assoc. Petrol. Geol., Vol. 21 
(1937), PP. 1333-39- 


22. Concretionary and pisolitic zones.—Concretions occur so widely 
disseminated through the geological column that their value as cri- 
teria of unconformities may be seriously questioned. However, there 
are instances in which concretionary zones occur with unconformities, 
and to that extent they should be considered. Barbour,* for example, 
found calcareous concretions along a series of fossil soil horizons 
separating loess deposits in China. Caliche zones are known locally to 
occur as concretionary masses.f According to Robinson,{ concretions 
are a distinctive feature of modern tropical soils. 

Present knowledge is apparently too meager to permit’sharp dis- 
tinctions among concretions in terms of conditions of formation. How- 
ever, the fact that some concretions are significant in connection with 
unconformities suggests that notes be made on concretionary zones 
in terms of thickness, size of concretions, composition and associa- 
tions. 

* G. B. Barbour, “Recent Observations on the Loess of North China,” Geog. Jour., 
Vol. 86 (1935), Pp. 54-64. 

1 Treatise on Sedimentation, 2nd ed. (1932), p. 479. 

} See reference under criterion 23. 
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23. Buried soil profiles —The occurrence of a buried soil is by defi- 
nition a criterion of unconformity. The problem is to recognize such an 
occurrence. Buried soil profiles, sometimes with the humus layer in- 
tact, are known in Pleistocene deposits.* Among more ancient sedi- 
ments, changes resulting from long burial may greatly modify the 
original soil profiles. Thin beds of red shale in normal sections of the 
Mid-Continent Pennsylvanian are generally considered indicative of 
unconformities.- They may represent ancient soil profiles. In some 
instances zones of iron concentration (criterion 10) may remain as 
indications of lateritic soils.{ The occurrence of concretions (see cri- 
terion 22) at definite horizons may indicate ancient profiles. Residual 
deposits of various kinds are also included here (see criteria 6, 6a, 8a, 
and 12a). In its broadest sense, therefore, an ancient soil profile may 
show many characteristics, depending on the degree of development 
of the profile, the parent material, climate, drainage conditions, and 
the like. 

Soil scientists have studied the changes which accompany soil 
formation in considerable detail. According to Robinson** the proc- 
esses of solution, oxidation, hydration, and hydrolysis are involved. 
The latter is perhaps the most important. As a result of these proc- 
esses, desilicification and dealkalization occur, a clay complex is 
formed, and a profile develops. The development of the profile in- 
cludes the eluviation of material from above and its illuviation below 
the surface. A well developed profile may show variations with depth 
in its organic carbon content, the amount of hydrated iron and alum- 
inum oxides present, the silicic acid content, the exchangeable bases 
in the clay, and in the amount of soluble salts, such as carbonates and 
sulphates. 

From the data available in soil science literature, it would seem 
that a systematic attack on the problem of identifying ancient soil 
profiles could be made. Studies of the ratio of iron to aluminum as a 
function of depth below known unconformities, of concentrations of 
iron oxides, of the ratio of potassium to sodium, ff of the clay minerals 

* M. M. Leighton and P. Mac Clintock, “Weathered Zones of the Drift Sheets of 


Illinois,” Jour. Geol., Vol. 38 (1930), pp. 28-53. 

} R. Roth, Humble Oil and Rfg. Co., Wichita Falls, suggested at the Round Table 
discussion that variegated shales may be the end products of ancient soils after long 
burial and modification. 

= A. I. Levorsen, personal communication. 

t Treatise on Sedimentation, 2nd ed. (1932), Pp. 440. 

** G. W. Robinson, Soils, their Origin, Constitution, and Classification, 2nd ed., 
London (1936), Chapter 3. 

jt According to Robinson, the K/Na ratio increases with maturity of development 
of the profile, because of the greater ease with which Na is extracted. 
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present, and so on, would probably furnish significant data. In connec- 
tion with the clay minerals, however, it should be mentioned that 
such tests by Grim and Allen on Pennsylvanian underclays yielded 
negative results.{f 

For the present, the identification of buried soil profiles depends 
on the finding of such criteria as those mentioned in the first paragraph 
of this section. Whatever additional criteria may be developed will 
probably involve chemical analyses or X-ray analyses of the cuttings 
(criterion 21). 


ti R. E. Grim and V. T. Allen, “Petrology of the Pennsylvanian Underclays of 
Illinois,” ‘Bull. Geol. Soc. America, Vol. 49 (1938), pp. 1485-1514. 


PALEONTOLOGIC CRITERIA 


24. Abrupt changes in fauna.—Perhaps the most decisive criterion 
of an unconformity is the absence of known groups of iossils in a stra- 
tigraphic sequence. For example, if beds below a juncture contain 
Lower Silurian fossils and the beds above contain Pennsylvanian 
forms, an unconformity of major proportions is established. Such oc- 
currences are relatively common, and where the paleontologic evi- 
dence is clear, the time involved in the lost interval may be meas- 
ured. It is perhaps worth while to point out, however, that a mere 
change in fauna, without a corresponding “lost interval” in evolution, 
may not signify an unconformity. Twenhofel called attention to 
abrupt changes in modern marine forms occasioned by changes in 
such environmental factors as food and the like.* 

In the subsurface the evidence for unconformities of any given 
time equivalence may be determined from microfossils, and in excep- 
tional instances from fragments of macrofossils in the cuttings. 


* Round Table discussion. 


25. Gaps in evolutionary development.—If in a series of beds some 
particular form shows evidence of an orderly evolution, the absence of 
one or more stages in the evolutionary process is indicative of an un- 
conformity. An excellent example of this phenomenon was presented 
by Stenzel,* in connection with the evolution of ribs on the proto- 


* H. B. Stenzel, “Sedimentation in Gulf Coast Eocene” (Abst.), Bull. Geol. Soc. 
America, Vol. 5t (1940), P. 1949. 
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conch of Turritella. It was found that the number of ribs changed 
linearly as a function of distance upward across the section. Certain 
abrupt gaps in the straight line indicated missing stages, and by ex- 
tending the section, hiatuses were discovered. The missing beds were 
of the order of thickness of other members in the series. 

In the subsurface it is possible that similar methods could be used 
on microforms. If the evolutionary trend is not linear, some difficulty 
may be met in fitting the line segments. 


26. Borings of littoral marine organisms.—Among his eight criteria 
of unconformities Stephenson* lists borings made by marine organ- 
isms in the littoral zone. These borings extend downward from the con- 
tact to a depth of 18 inches, and are filled with material similar to that 
above the contact. Such filled borings occur at the Eagle Ford-Austin 
contact in Hays County, Texas. 

The identification of such borings in the subsurface would prob- 
ably not be possible from cuttings except under unusual conditions. 
Where the occurrence of such borings can be shown, however, the 
evidence of an unconformity is valid. 


* L. W. Stephenson, “Unconformities in Upper Cretaceous Series of Texas,”’ Bull* 
Amer. Assoc. Petrol. Geol., Vol. 13 (1929), pp. 1323-34- 


27. Land plants or animals in situ.—The occurrence of land plants 
in situ (as standing stumps of trees et cetera), or the occurrence of 
land animals in place (as some snails) is generally accepted as an indi- 
cation of a hiatus between adjacent beds. Lowman,* however, called 
attention to cypress trees on the Mississippi delta which live while 
sediments are being formed about them, so that in some instances a 
continuous process may be going on. With animal fossils it may be 
more difficult to demonstrate that they occur in place. 

In the subsurface it appears to be doubtful whether this criterion 
could be used with rock cuttings, or even cores, except in unusual in- 
stances. 

* L. W. Lowman, Shell Oil Co., Houston, in Round Table discussion. 


28. Algal biscuits —Calcium-carbonate deposits of algal origin 
may assume the shape of separate flattened bodies called “biscuits.” 
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Mawson* describes an area of such biscuits in southern Australia. The 
occurrence of the biscuits suggests conditions similar to those under 
which caliche is formed, although algal biscuits are also known to oc- 
cur in lakes.f Plummerf reports the occurrence of algal biscuits at 
the unconformity between the upper Marble Falls and Ellenburger 
in McCulloch County, Texas. J. E. Adams,** on the other hand, re- 
ports them in conformable Pennsylvanian shales. 

In the subsurface one of the problems is that of demonstrating the 
origin of the biscuits, as well as identifying them. The range of condi- 
tions under which present-day biscuits are formed suggests that this 
criterion may not be decisive unless critical associations are also found. 

* D. Mawson, “Some South Australian Algal Limestones in Process of Formation,” 
Quart. Jour. Geol. Soc., Vol. 85 (1929), pp. 613-23. 

t Treatise on Sedimentation, 2nd ed. (1932), pp. 311-12. 

t Personal communication. 

** Personal communication. 


29. Lateral spreading of coral reefs.—Stratigraphic breaks of 
greater or less magnitude may develop in connection with coral reefs. 
The reef is built to the surface of the sea, whereupon it may spread 
laterally. If the sea level later rises the reef is built upward again. In 
section, therefore, there may be irregular lateral spreads of the reef, 
marking successive stands of the sea. According to Twenhofel,* such 
lateral spreading, usually marked by a shaly or sandy zone through 
the reef, is an indication of a stratigraphic break. 

With sufficient wells lateral spreading of reefs may be recognized 
in the subsurface. It is from the well logs rather than from individual 
cuttings that the spreading is recognized. Cores may disclose the sandy 
or shaly layers. 


* Treatise on Sedimentation, 2nd ed. (1932), p. 298 (Fig. 27). 


30. Bone and tooth conglomerate.—Stephenson* lists thin layers of 
conglomerate composed of pebbles, bones, teeth, and other hard ob- 
jects as a criterion of unconformity. The material should bear evi- 
dence of having been reworked, and occur near the base of an overlying 
formation. Genetically this may be related to a basal conglomerate, 
although locally fossilized fragments may predominate. 


* See reference under, criterion 26. 
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In the subsurface the well cuttings would presumably show chips 
with rounded surfaces. The basal position of the conglomerate may 
be more difficult to demonstrate. 


31. Beekite rings—During weathering of limestones some silicifi- 
cation of fossils may occur. Howell* calls attention to this phenome- 
non and points out that so-called “‘beekite rings” may develop on the 
surface of the silicified shell. Beekite rings are small, doughnut-like 
circlets of bluish-to-white opaque-to-translucent quartz. Howell 
cites examples of insoluble residues from wells, in which such rings 
were found on shell fragments taken from just below unconformities. 
According to Howell, the occurrence of such rings should prove a good 
indication of an erosional interval. 


* J. V. Howell, “Silicified Shell Fragments as an Indication of Unconformity,” 
Bull. Amer. Assoc. Petrol. Geol., Vol. 15 (1931), pp. 1103-04. 


STRUCTURAL CRITERIA 


32. Discordance of dip above and below a contact.—Where an angu- 
lar relation exists between the strata above and below a contact, a 
non-conformity is established by definition. Non-conformities of con- 
siderable magnitude and time equivalence occur throughout the geo- 
logic column. Perhaps the most widely cited is that separating the 
Paleozoic from the pre-Cambrian. Non-conformities may be estab- 
lished in the field by direct observation. In wells it is necessary usually 
to show that the strata above the contact overlap beds of different 
ages within relatively short distances. 


33. Undulatory surface of contact—An uneven or undulatory con- 
tact which cuts across bedding planes of the underlying formation 
marks an unconformity caused by emergence and erosion. This is one 
of eight criteria listed by Stephenson.* In surface outcrops the pres- 
ence of such a surface may be demonstrated by direct field observa- 
tion; in the subsurface data from a number of wells are required. An 
example of a disconformity marked by a prominent erosional surface 
is that under the lower Pennsylvanian on buried karst topography in 


* See reference under criterion 26. 
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southeastern Kansas, developed on the Volmeyer (middle Mississip- 
pian) limestone. 


34. Truncated dikes.—Igneous intrusions which terminate 
abruptly at a surface of contact, and which show no evidences of ther- 
mal alteration of the overlying beds, mark unconformities caused by 
erosion. Pebbles or smaller particles of the intrusion may be found 
in the overlying beds. Ross, Miser, and Stephenson* describe such 
features in Arkansas, Oklahoma, and Texas, in connection with 
Cretaceous igneous activity. In regions of intensive igneous activity 
it may be possible to use this criterion with subsurface methods, but 
the chances of drilling into scattered dikes may be slight in general. 

* C. S. Ross, H. D. Miser, and L. W. Stephenson, “‘Water-Laid Volcanic Rocks of 
Early Upper Cretaceous Age in Southwestern Arkansas, Southeastern Oklahoma, and 


Northeastern Texas,” U. S. Geol. Survey Prof. Paper 154F (1929). The features de- 
scribed are shown in Plate 20. 


35. Relative displacements of faults above and below a contact.— 
Grabau* pointed out that if in two superposed formations the lower is 
more complexly faulted than the upper, the indications are that the 
lower one was faulted and eroded before the upper was deposited, and 
hence that the two formations are unconformable. More recently Mar- 
tyn and Samplef showed that the relative displacements along faults 
cutting different formations could be used to locate unconformities in 
the subsurface. The method was applied to Oligocene strata in Texas. 


* Principles of Stratigraphy (1913), p. 819. 


{ P. F. Martyn and C. H. Sample, “Oligocene Stratigraphy of East White Point 
Field, San Patricio and Nueces Counties, Texas,” Bull. Amer. Assoc. Petrol. Geol., Vol. 
25, No. 11 (November, 1941), pp. 1967-20009.) 


ASSOCIATIONS AMONG CRITERIA 


The large number of features associated with unconformities sug- 
gests that there probably are many other criteria which in special in- 
stances may be used in the search for stratigraphic breaks. Unfortu- 
nately, many of the same features occur in conformable strata, so that 
there may always be an element of doubt regarding the exact sig- 
nificance of any single criterion or associations of several criteria. This 
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does not mean, however, that such features should for that reason be 
ignored. On the contrary, none of the criteria listed is too insignifi- 
cant for recording, and by noting it, attention may be called to other 
features which may strengthen the final conclusion. Glauconite alone, 
for example, may not be decisive, but if the presence of glauconite 
calls attention to a particular zone, closer study may reveal other cri- 
teria such as phosphatic pellets, which may increase the chances that 
an unconformity is present. 

The association of criteria can not be overemphasized, because the 
finding of two criteria greatly increases the chance that an unconform- 
ity is present. For example, if the chances are 50-50 that either A or B 
alone indicates an unconformity, the occurrence of both together in- 
creases the net chances to 75-25 in favor of the unconformity. This 


TABLE I 
OBSERVED ASSOCIATIONS AMONG SOME CRITERIA 
Criterion a Glau- phatic | ganese Iron Pyrite 
hert conile | Oxides 

Residual chert....... | x | = 
Glauconite........... 4 | 
Phosphatic pellets. ... x x |; xX 
Manganese zones..... | | x | 
Tronorides | x | | X = 
xX | x x | 


relation follows from probability theory which states that independent 
events in association follow probabilities based on the product of the 
individual probabilities. The writer would not suggest that uncon- 
formities can be established by mathematical calculations, but if the 
relative significance of each criterion were known, a much better basis 
would be provided for evaluating the net likelihood of an unconform- 
ity being present. 

The mutual strengthening of associated criteria suggests the devel- 
opment of what may be called “multiple criteria” of unconformities. 
Such multiple criteria may be set up on the basis of known associa- 
tions, and if no exceptions to them can be found, they may be accepta- 
ble as criteria for any and all circumstances. For example, the litera- 
ture examined by the writer shows that several associations among 
criteria 6 to 11 were noted at unconformities. These associations are 
summarized in Table I. Undoubtedly a further search of the litera- 
ture would reveal many more established associations. It should be 
possible for some one better acquainted than the writer with strati- 
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graphic literature to assemble such data into a working set of multiple 
criteria. 

In the development of such multiple criteria, it may be desirable 
to proceed on the basis of expected associations in terms of the geolog- 
ical conditions under which unconformities occur. For example, a 
number of criteria appear to be associated with the development of 
unconformities under subaerial conditions, whereas others apparently 
are associated with unconformities (diastems) formed beneath the sea 
during intervals of erosion or of non-deposition. Expected combina- 
tions of criteria in these several circumstances may be helpful in de- 
veloping multiple criteria. 

A preliminary breakdown of the criteria into two main classes is 
given in Table II, which indicates whether the criteria are associated 
with unconformities of subaerial origin, of submarine origin, or both. 
An attempt has been made to weight the occurrences by using a 
double-X for common or exclusive associations, a single X for occa- 
sional or rare associations, and a dash for associations which probably 
do not occur. The table should properly be interpreted in the light of 
the discussions given earlier, because many of the features also occur 
in conformable beds. 

The classification of Table II is only tentative, but it does furnish 
a basis for the development of possible multiple criteria. Such combi- 
nations of criteria may be sought in the field and in the literature, and 
as additional data become available there seems to be no reason why 
a more rational method of attacking the problem of finding uncon- 
formities can not be developed. Two situations seem particularly 
promising in this connection. The first is a detailed study of the soil- 
forming process, in terms of profiles which develop from given rock 
types under varied climatic conditions. Each of the several kinds of 
profiles may be expected to show variations with depth in such fea- 
tures as their iron oxide content, aluminum oxide content, organic 
carbon content, and the like (see criterion 23). Against these charac- 
teristics of modern profiles must be checked the diagenetic changes 
which may occur in the profiles as a result of long burial. A systematic 
study of profiles associated with known unconformities, following the 
lines indicated by Sharp (criterion 10), may reveal which characteris- 
tics are preserved. Such studies will also codrdinate and organize a 
number of the individual criteria in the first column of Table II. 

The second promising field for unification of criteria is a study of 
the phenomena associated with submarine non-deposition. The de- 
velopment of corrosion surfaces involves the solution of some mate- 
rials and the simultaneous leaving behind of relatively insoluble 
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residues. A study of the conditions under which phosphate, iron, 
manganese, and perhaps glauconite are associated will not only help 
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TABLE II 


CLASSIFICATION OF CRITERIA 


Associated with Unconformities 


Criterion of Indicated Origin 
Subaerial Submarine 

Lag gravel (pebble XX XX 
Aeolian crossedding, XX 
Edgewise XX 
Residual (weathered) XX 
Silicified erosion XX 
Phosphatic pellets or nodules................. xx 
Phosphatized erosion surfaces................. XX 
Interbedded conglomerate.................... XX XX 
Clastic zones in XX XX 
Abrupt change in heavy-mineral assemblages. . . XX x 
Radioactive mineral zones.................... XX ? 
Porous zones in limestone... XX 
Sharp differences in lithology................. XX X 
Abrupt change from marine to continental beds. . XX _ 
Abrupt change in chemical composition........ XX 
Asphaltic and oil-stained zones................ xX 
X-ray patterns of well cuttings............... XX xX 
Concretionary and pisolitic zones.............. XX x 
Abrunt changes in XX xX 
Gaps in evolutionary development............. XX XX 
Borings of marine littoral organisms........... _ XX 
Land plants or animals in situ................ XX — 
Lateral spreading of coral reefs................ — XX 
Bone and tooth conglomerates................ ? xX 
Undulatory surface of contact................. XX x 
Relative displacements of faults............... XX x 


establish better criteria for unconformities, but it will also shed light 
on geological processes but little understood at present. Such studies 
may require the codperation of bacteriologists and physical chemists 
with geologists. 
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LIMITATIONS OF SUBSURFACE DATA 


Throughout the discussion of criteria it has been emphasized that 
many features may be common both to unconformities and to con- 
formable sequences. The judgment of the investigator is thus an im- 
portant factor in the evaluation of the criteria. In addition, one may 
not always be certain that he actually has the criterion he supposes. 
This may be illustrated by basal conglomerate (criterion 1). If the 
conglomerate is basal, the unconformity is established, but if it is 
merely an intraformational bed, the argument loses all or most of its 
weight. Such an error of judgment may be avoided only as general 
knowledge of the characteristics of true basal conglomerates increases. 
This will come, presumably, from more detailed sedimentary studies 
of such deposits. 

The application of subsurface data to the search for unconformi- 
ties is limited by several other considerations. The first is that the sam- 
ples studied constitute only a very small portion of the rock actually 
penetrated, and one’s judgment is therefore affected by relatively 
large sampling errors.!° A second limitation is that subsurface geologi- 
cal data, by their very nature, are limited to such items as well cut- 
tings, cores, well logs, electrical logs, and occasional radioactive logs. 
Whatever is accomplished must therefore be obtained from these 
limited sources of primary data. It is the writer’s opinion that much 
more can be done with the sedimentary study of cuttings than is cur- 
rently accomplished, but unfortunately the time element is relatively 
great. Fundamental research in the kinds of data actually available 
from cuttings, and their application to oil exploration in terms of non- 
structural traps, should open some interesting possibilities. 

Other promising lines of attack include first a critical evaluation of 
individual or multiple criteria of unconformities which may apply to 
data from a single well, or which may be useful when the number of 
wells is limited. The difficulty of segregating criteria in this fashion 
is that the apparent magnitude of the unconformity may vary from 
place to place, so that a comparatively minor feature in one well may 
become a significant break in another well 20 miles distant. A second 
line of attack may be a study of the known stratigraphic breaks with 
which oil is associated, in terms of the criteria present at those uncon- 
formities. In this manner a selected set of critical indices may be de- 
veloped, of particular use in the further exploration for petroleum by 
geological methods. 

In connection with the relative importance of various criteria, it 


10 This point was brought out by J. T. Richards, Gulf Oil Corporation, Oklahoma 
City, at the Round Table discussion. 
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may be pointed out that the extension of known unconformities may 
be equally as important in oil exploration as the finding of new uncon- 
formities. Some of these extensions may be associated with relatively 
minor criteria, but in such instances these minor criteria become very 
important. It seems likely that some of the lesser criteria discussed 
here may have their greatest value in extending known stratigraphic 
breaks. 
SUMMARY 


The present paper grew out of an informal Round Table discussion 
held during the annual meeting of the Association. The high degree of 
interest shown in the meeting, the stimulating discussions by many 
participants, and the requests that the material be made available to 
the Association, have induced the writer to prepare this compilation. 
It should properly be considered as a progress report in a large and 
somewhat unorganized field, rather than as an exhaustive study of the 
entire subject. If the paper calls attention to items which might other- 
wise be overlooked in the search for stratigraphic breaks, it will serve 
its function. If it also stimulates further detailed studies of criteria, 
and so eliminates some which may be definitely misleading, so much 
the better. 

The writer is particularly indebted to A. I. Levorsen for sug- 
gesting the subject. He also expresses his thanks to the numerous 
participants of the Round Table for items which have been credited 
in the text. J. E. Adams of the Standard Oil Company of Texas 
and F. B. Plummer of the Bureau of Economic Geology at Austin 
very kindly read the manuscript. Several members of the geology staff 
at the University of Chicago gave helpful advice and criticisms, nota- 
bly J H. Bretz, Carey Croneis, and F. J. Pettijohn. 
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BASAL BEDS OF SALADO FORMATION IN 
FLETCHER POTASH CORE TEST, NEAR 
CARLSBAD, NEW MEXICO! 
WALTER B. LANG? 

Washington, D. C. 

ABSTRACT 


The Fletcher potash core test, drilled east of Carlsbad, New Mexico, penetrated a 
section of the salt-bearing Salado formation of Permian age, from which no other con- 
secutive cores are available either from potash core tests or the numerous wells drilled 
for oil. These cores have been studied in detail for the sedimentary and stratigraphic 
evidence they disclose: a detailed log has been compiled of the section; and some of the 
minerals of the core have been determined by means of chemical analysis and X-rays. 
The sequence here described extends from above the Cowden anhydrite member of the 
Salado formation into the underlying Carlsbad limestone. Two members of the Salado 
formation, the La Huerta siltstone and Fletcher anhydrite members, are here defined. 
Also evidence for an erosional unconformity between the Fletcher anhydrite member 
and the Carlsbad limestone as disclosed by the core is presented. 


INTRODUCTION 


In 1932 the Fletcher No. 1 core test was drilled by the U. S. Potash 
Company on a Government potash-prospecting permit in Lot 4, Sec. 
1, T. 21 S., R. 28 E., Eddy County, New Mexico. This test, which has 
a surface altitude of 3,335 feet, was first churn-drilled to a depth of 899 
feet, 6 inches, and thence core-drilled to a total depth of 1,381 feet, 6 
inches. The core-drilling was begun on April 2 and completed on May 
I, 1932. 

Although churn-drill samples are not available, it is possible from 
the driller’s log and the core material to classify the rocks into the fol- 
lowing formations. 


Interval Thickness 

Age Formation (Feet) (Feet) 
Quaternary.... Surface sand and caliche....... o- 10 10 
Santa Rosa (?) sandstone....... 65 55 
Pierce Canyon redbeds......... 65- 570 |, 505 
Permian’. Rustler formation (upper part).. 570- 660 go 
Permian: Rustler formation (lower part). . 660- &go 230 
Permian....... TFOPMAUON 890-1 , 380 490 
Permian....... Carlsbad limestone............ 1, 380-1, 3814 13 


The driller reported that the bit entered the salt or Salado forma- 
tion at 890 feet. The 55 feet of material immediately beneath the sur- 
face sands and caliche are logged as gray sandstone. This may be 
interpreted as representing the basal part of the Santa Rosa sandstone 

1 Published by permission of the director of the Geological Survey, United States 
Department of the Interior. Manuscript received, June 18, 1941. 

2 Geological Survey. 
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which in surface exposures can be seen to grade into the underlying 
Pierce Canyon redbeds. The Pierce Canyon redbeds are 505 feet thick 
in this well. This thickness is exceptionally great for the formation and 
is especially surprising in view of the fact that the Rustler formation 
which underlies it is exposed at the surface less than a mile to the 
north. The Rustler section, 320 feet thick, in this well lacks about 100 
feet of the top beds but otherwise it presents a normal thickness and 
succession of beds. It lies, however, on the truncated Salado formation 
of which approximately the upper half has been removed by solution. 
The local bevelling of the Salado is in a southwesterly direction, and in 
this locality is so abrupt that the sylvite-bearing upper section, present 
only a mile to the north, is completely missing. What remains of the 
Salado in the Fletcher test is essentially halite interspersed with thin 
beds of anhydrite, polyhalite, and silt; and only two notable beds of an- 
hydrite appear in the core. The base of the Salado here rests upon the 
Carlsbad limestone, which is part of the great reef mass that in most 
places is less than 10 miles wide but surrounds the Delaware basin, 100 
miles in diameter, like a distorted ring. The drill entered the Carlsbad 
limestone a short distance behind the reef-front and in penetrating the 
basal beds of the Salado and the upper part of the Carlsbad went to 
greater stratigraphic depth than in any other core-drilled well in this 
vicinity. This paper describes the material recovered in the Fletcher 
well from the lower part of the Salado formation and the Carlsbad 
limestone. 
DETAILED PARTIAL LOG OF THE FLETCHER CORE 


The lower part of the Fletcher No. 1 core was examined and sam- 
pled in the field by the writer.* The samples have been subjected to 
microscopic, chemical, and X-ray examinations and the results ob- 
tained from them are incorporated in this log. The information pro- 
vided by the log may serve as a reference in the interpretation of 
samples from rotary- and churn-drilled wells that have passed through 
rocks in a similar stratigraphic position; such samples have hitherto 
supplied no basis for a codrdinated concept of the arrangement of the 
strata. 

GENERAL FEATURES OF SALADO FORMATION 

The Salado formation has been defined‘ as that body of chemical 
sediments in the Permian basin which lies beneath the Rustler forma- 
tion and above the Carlsbad limestone. This is true within the reef 


3 The writer is indebted to T. M. Cramer and other members of the U. S. Potash 
Company for their courteous assistance in providing the means for an examination of 
the Fletcher core under favorable conditions. 


4 Walter B. Lang, “Salado Formation of the Permian Basin,” Bull. Amer. Assoc. 
Petrol. Geol., Vol. 23, No. 10 (October, 1939), pp. 1569-72. 
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A. A. P. G. Buttetin, Vot. 26, No. 1 Lane, Pt. I 


Prate I 


13X natural size. Massive granular rete from the upper part of the 
Cowden anhydrite member at 1,156 feet. S, areas ace uae by extremely 
—— of fine silt diffused through parts of anhydrite. M, white mag- 

e needles of secondary an —* show clearly in background of 
magnesite. H, secondary h: 
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14X natural size. Polished surface showing intricate structure of anhydrite which 
os “lacy” texture. From one of the thin stringers of anhydrite in halite at 1,245 
t., 6 in. All of core is anhydrite, A, except black areas, H, which are secondary halite 
replacements. Note fine rhythmic banding, B. 


A. A. P. G. Buttetin, Vot. 26, No. 1 Lane, Pt. II 
| Pirate II 
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Lana, Pt. III 


A. A. P. G. Buttetin, Vot. 26, No. 1 
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Lane, Pt. IV 


A. A. P. G. BuLtetin, Vot. 26, No. 1 
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Lane, Pt. V 


A. A. P. G. Buttetiy, Vot. 26, No. 1 


A. A. P. G. Butcetin, Vot. 26, No. 1 


VI 


Approximately 40 magnification. Two samples of quartz grains which make up silt in La Huerta silt- 
stone member. Avera, in size ranges from 1/200 to 1/350 inch. Silt has been washed and separated as 
much as possible into individual grains but tenacious coating of ferruginous clay is difficult to remove. Sharp 
angular character of grains is evident where they have been washed clean. 

A, washed quartz grains with ferruginous clay present. ‘ 

B, Another sample of silt washed and treated with hydrochloric acid to remove iron. Whitened clay still 
adheres to some grains. 


| Lane, Pt. VI 
| 


A. A. P. G. Buttetin, Vot. 26, No. 1 


PLaTE VII 


14X natural size. Transverse sections of core. 
A, La Huerta siltstone member at 1,297 feet. Contorted fragment of silt in halite has reddish brown shade different fro silt inclusions. Al- 
thew i much of of core appears dark due to transparency of halite, amount of silt actually present at surface of section is onal. ¥ White band is fracture filled by 


secon: 

yp dove specimen of halite core from 1,255 feet, representative of halite section between Cowden and Fletcher anhydrites. Less than 3 per cent of surface 
is silt though, due to transparency of halite, many times3 per cent of silt seems to be present. Silt generally is pale reddish brown but some is pale _—— 
Hesstive crystals (N) enclose residual liquids or liquids and gases. Most of silt occupies marginal areas around halite crystals where it has been by 


Cc, Fletcher anhydrite member at 1,328 ft., 2 in. Surface of _ as cut by drill appears to be dense fine-grained anhydrite. Polished transverse surface here 
a mass of interlocked crystal forms (gyps' wef herd eon magnesite in intercrystalline spaces. Crystal mass is now anhydrite. 
D, massive anhydrite at 1,275 feet, from pon alite oxtien. ten Coes has dolomitic appearance because, with magnesite, it contains ferruginous silt. 
Silt in anhydrite is uncommon, 
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Prate VIII 


A, 14X natural size. Massive blue anhydrite with streamers (B) and inclusions (D) of dolomite. An- 
hydrite is so nearly pure that thin blades are translucent. From Fletcher anhydrite member at 1,378 feet 
Dolomite inclusions are of reef origin. 

B, 5X natural size. Enlargement of area in upper left part of A. Piece of reef limestone (Carlsbad) which 
either has been carried stratigraphically up about 2 feet into anhydrite before being enclosed, or, if in place 
it may be protruding finger from ledge cut by erosion. Evidence obtainable supports former conclusion, 
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aNd lath-ke secondary anhydrite crystals (L). 


PLATE X 


=* ification. Pisolites at top of Carlsbad limestone at 1,381 feet. Dense black areas around pisolites filled 
with blue anhydrite. Fragmental] character of inner part of many pisolites is evident. For enlargement of piso- 
lite at left center see Plate XI. 
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area but in the back-reef area it rests on the anhydrites and sandstones 
of the Chalk Bluff formation. In the fore-reef, or Delaware basin, beds 
of the Castile formation, not present in the reef and back-reef areas, 
intervene between the Salado formation and the Delaware Mountain 
group, the stratigraphic equivalent of the Carlsbad limestone. The 
boundary between the Salado and the Castile is in many places diffi- 
cult to define because it is not marked everywhere by a lithologic 
change. Where this boundary passes through a mass of anhydrite more 
evidence is necessary to define its position than can be found in a set of 
samples from a single well. This problem will become less difficult as 
subsurface information fromthe Delaware basin grows more abundant. 

Knowledge of the Salado formation has been obtained by subsur- 
face exploration, for it has no recognizable outcrop. This formation is 
composed of a succession of halite beds interrupted by beds of anhy- 
drite, polyhalite, and shaly zones. These halite beds are in most places 
so similar in composition and so lacking in obvious identifying charac- 
teristics that it is difficult to distinguish the one from the other by well 
cuttings. However, by a knowledge of the character and position of 
the anhydrite and shale beds in the halite a stratigraphic correlation 
may be established for the formation. 

One distinctive feature of the Salado, not common to any other 
Permian formation, is the general distribution of polyhalite® as beds, 
inclusions, and blebs. Polyhalite is present in certain beds that range 
from a horizon near the base to the top of the formation. Over the reef 
and back-reef areas the position of this horizon is fairly well known but 
its stratigraphic position within the Delaware basin is less certain. It 
appears to ascend stratigraphically in a southwesterly direction, but at 
no place does it descend below the position it holds over the reef on 
the north and east sides. In the distant back-reef it may descend below 
this position. The detailed examination of the Fletcher No. 1 core was 
extended upward to include core material that contains abundant 
polyhalite, so that the point at which the last indication of polyhalite 
appears could be noted. The final showing was found at a depth of 
1,140 feet in the form of blebs of polyhalite in halite. Polyhalite blebs, 
unless abundant and in a coarse form in the halite, are not likely to be 
noticed in churn-drill cuttings. At 1,131 feet, or g feet above, are 
stringers and bands of red polyhalite in sufficient amount to make a 
definite showing in churn-drill cuttings. This position is a higher one 
than would be selected on the basis of the lowest appearance of poly- 
halite in a set of well cuttings. At both the 1,140-foot and the 1,131- 


5 Some halite beds in the Rustler carry polyhalite blebs, and scant showings of 
Lajas also have been found in older Permian formations of the Panhandle of Texas 
and Kansas. 
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foot depths in the Fletcher test polyhalite was found above a promi- 
nent and widespread anhydrite bed. 


PartIAL Loc oF PERMIAN ROcKS IN FLETCHER No. 1 PotasH Core TEst oF U. S. 
PotasH Company, SEc. 1, T. 21 S., R. 28 E., Eppy County, NEw Mexico 


Depth 


For-|Sub- 
ma-\divi-| from 


Thick- 


tion | sion 
Ft. 


Description 


1,084 


1,094 


1,095 
1,096 
1,097 


1,099 
1,099 


SALADO ForMATION 


1,172 


1,113 


1,118 


1,119 


NS 


1,095 


1,096 
1,007 


1,099 


1,099 
1,112 


173 


1,118 


1,119 


On 


II 


It 


Io 


Halite, clear, massive, coarse with vari- 
able stringers of light brown sandy 
shale; inclusion of reddish, mossy 
polyhalite 5% or less; inclusions of 
light green shale 4%; negative crys- 
tals 38; inch square. 

Halite, as above, but shale percentage 
decreases and disappears with in- 
crease of fine stringers and blebs of 
diffused bright pink polyhalite. 
Grades to— 

Anhydrite, fine, dense, pearly gray, 
grading to— 

Anhydrite and polyhalite; dull grayish 


red. 

Anhydrite and polyhalite; 10 inches of 
granular, brick-red polyhalite, chang- 
ing to banded, fine-grained, dense 
reddish gray. The thin bands are red- 
dish polyhalite. 

Shale, fine, pale, greenish gray. 

Halite, clear, massive, coarse-grained. 
Occasional small inclusions of poly- 
halite. Pale brown shale inclusion, 
variable, less than 3% of core. At 
1,107 feet shale inclusion decreases; 
stringers and blebs of salmon pink 
polyhalite become prominent. At 
1,111 feet KO content of halite core 
2.55%. 

Halite; contains irregular intermixture 
of gray anhydrite and pinkish poly- 
halite and pale gray-green shale. 

Halite; contains stringers and blebs of 
pale pinkish polyhalite, and pale red- 
dish brown shale with some inter- 
mixture of gray-green shale. 

Anhydrite, massive, dense, fine-grained 
with a 1-inch break of clear granular 
halite. 

Anhydrite, dense, very fine-grained, 
pearl gray, with 2-inch base of 
banded anhydrite and greenish gray 
shale. 

Halite, including 5-8% of fine gray- 
green shale, 1 inch, grading to mas- 
sive coarse granular grayish halite 
with variable scattering of brown 
shale. Halite, locally pinkish with a 
few polyhalite blebs. 
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PartiAL Loc or PERMIAN Rocks IN FLETCHER No. 1 PotasH Core Test oF U. S. 
PotasH Company, SEc. 1, T. 21 S., R. 28 E., Eppy County, NEw Mexico—Continued 


For-|Sub 


ma- 
lions 


Depth 


divi- 
sion 


from 


to 


Thick- 
ness 


Fi. 


In. 


Ft. 


In. 


Fi. In. 


Description 


CowpDEN ANHYDRITE MEMBER 
18/6" 


I,13! 


132 


1,145 


Anhydrite, fine-grained, chalky, gray- 
ish, with intergrowth of halite. The 
basal portion consists of curved 
bands of wine-red granular polyhal- 
ite. (This is the last obvious showing 
of polyhalite likely to be observed 
in churn-drill cuttings.) 

Halite, with scattered fine pale gray 
shale inclusions giving the halite a 
grayish cast. A few polyhalite blebs 
to 1,140 feet. Fine negative crystals 
are present. 


1,145 


1,158 


1,160 


1,161 


1,163 


Anhydrite. The top grades within one 
foot from dull gray coarse granular 
halite to graphic banded anhydrite 
to massive graphic anhydrite with 
less than 8% of included halite. Frac- 
tures at 1,155 feet at anyle of 60°. 

Anhydrite, banded with irregular seams 
of magnesitic clay 3 inch thick, 
some, inclined as much as 10°. No 
halite present. 

Shaly magnesitic anhydrite, gray, uni- 
formly fine-grained, grades into— 
Anhydrite, fine, dense, uniform, gray, 
with 2 inches of gray magnesitic shale 

at base. 


1,220 


15183 


1,184 


1,185 
1,187 
1,196 
1,204 


1,220 


1,222 


19 66 


16 


Halite, coarse-grained, massive, gray- 
ish, with little scattered gray shale 
inclusions, showing of pale brown 
shale. A few wine-red inclusions of 
silt resembling polyhalite. 

Anhydrite, clear pale gray, with irregu- 
lar inclusion of clear halite. Pale 
greenish gray shale at base, 2 inches. 

Halite, with a scattering of about 4% 
of pale greenish gray shale inclusions. 

Halite, with large irregular brownish 
shale inclusions. 

Halite, dense, coarse, with irregular in- 
clusion of brownish shale. 

Halite, with prominent reddish brown 
shale inclusion, 15%. 

Halite, massive, coarse granular. Nega- 
tive crystals. Irregular intercrystal- 
line inclusions and bands of brown 
shale. Intervening halite grayish with 
thin whitish stringers of anhydrite. 

Halite, clear, massive, coarse crystal- 
line, with very fine reddish silt inclu- 
sions. These wine-red silts somewhat 
resemble carnallite in the potash- 
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PartIAL Loc or PERMIAN Rocks IN FLETCHER No. 1 PotasH CorE TEST OF U. 5: 
PorasH Company, SEc. 1, T. 21 S., R. 28 E., Eppy County, NEw MEexico—Continued 


Depth 


For-||Sub- 
ma-||\divi-| from 


to 


Thick- 
ness 


tions|| sion 
Fi. 


In. 


Ft. 


In. 


Ft. In. 


Description 


15225 
1,226 
1,230 
1,235 
1,237 


147'6” 


1,243 


HALITE INTERVAL 


1,255 


1296’-1301’ 


1,310 


La HvuErtTA SILT MEMBER 


na 


1,225 
1,226 
1,230 
1,235 
1,237 
1,243 
7,255 


1,274 


1,275 
1,280 
1, 283 
1,288 
1,204 
1,295 


1,310 


1,922 


7 


1 9 


I5 


bearing zone of the Salado. They give 
a suggestion of the presence of po- 
tash. A sample of this type of halite 
at 1,221 on analysis gave 0.75% of 


2. 

Halite, massive, coarse crystalline, 
grayish. 

Anhydrite, massive, dense, fine-grained, 
slightly warm pearly gray color. 

Halite, with irregular fine gray anhy- 
drite bands and stringers. 

Anhydrite, massive, fine-grained, gray. 

Halite, gray, coarse crystalline with 
gray anhydrite band at 1,234 feet 
6 inches to 1,235 feet. 

Anhydrite, pearly gray, banded, mot- 
tled, graphic and lacy, fine- textured. 

Halite, gray, with gray anhydrite 
stringers. 

Halite, massive, with irregular inclu- 
sions of reddish brown and a little 
gray shale. Coarse to fine granular 
halite, lacy anhydrite stringers. 

Halite, massive, medium-grained, with 
irregular white lacy stringers of an- 
hydrite and inclusions and locally 
prominent bands of pale wine-brown 
shale. Inclusions 3-10%,. 

Anhydrite, massive and lacy (drab 
gray).* 

Halite, coarse, massive, with bands and 
inclusions of pale grayish anhydrite. 

Halite, with bands and stringers of gray 
anhydrite. 

Halite, clear, coarse crystalline, with 
belts of dense gray, fine-textured, 
lacy and graphic anhydrite. 

Halite, clear, coarse, pale grayish. 

Anhydrite, fine, massive, grayish, with 
inclusions of halite. 

Halite and silt. Massive, variably tex- 
tured core. Dull reddish brown (deep 
Corinthian to dark Indian red) 
shale makes 35% of core in places. 
Fine stringers and needle crystals of 
white anhydrite. Shale makes irregu- 
lar local bands. 

Halite, with brown shale like preceding, 
grading out and lacy, gray (pale 
Paynes gray) anhydrite grading in. 
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ParTIAL Loc or PERMIAN ROCKS IN FLETCHER No. 1 PotasH Core TEst oF U. S. 
PotasH ComPANny, SEc. 1, T. 21 S., R. 28 E., Eppy County, NEw Mexico—Continued 


Ft. In. Ft. In. Ft. In. 


ma- from to Description 
| 


| 1,373 62 Anhydrite, massive, dense, fine crystal- 
line, pale maltese gray; within the 
anhydrite are pale brownish streaks 
or clouds of magnesian silt. This sec- 
tion is dense, massive, and unbroken 
by any prominent bands or inclu- 
sions other than these magnesitic 
clouds and mottling to 1,379 feet, 11 
inches. 

45373 0 1,375 2 Anhydrite, clear, dense, crystalline, 
maltese to pearl gray (light mineral 
gray) and almost transparent. 

£5375. 1,377. 2  ©| Anhydrite, dark, granular crystalline, 
with more prominent inclusions of a 
neutral brownish gray dolomitic silt. 
1,379 2 © | Anhydrite, massive, crystalline, pale 
bluish, translucent anhydrite. 

1,370 © 1,379 11 | © 11 | Anhydrite, massive granular crystal- 
line, with increasing amounts of gray 
dolomitic silt and inclusions of dolo- 
mite in irregular patches. 


FLETCHER ANHYDRITE MEMBER 
68/11" 


12 1,381 6] 1 7 | Dolomite, massive, pale brownish gray 
(wood brown), only slightly different 
in color from the inclusions in the 
above anhydrite, but duller. Abun- 
dant pisolites, the larger ones averag- 
ing 3 to 3 inch in diameter. Secondary 
openings filled with blue (clear 
Paynes gray) anhydrite. 


CARLSBAD 
LIMESTONE 


* These parenthetical color notations have been obtained by comparing the color of the specimen with 
a Ridgway standard color. Robert Ridgway, Color Standards and Color Nomenclature, Washington (1912). 


COWDEN ANHYDRITE MEMBER OF THE SALADO FORMATION 


The Cowden® anhydrite member of the Salado formation extends 
from 1,145 to 1,163 feet, 6 inches in the Fletcher test, an interval of 18 
feet, 6 inches. As it is widely distributed in much of the Permian basin 
and has a fairly uniform thickness (see table on page 70) this mem- 
ber serves as a valuable horizon marker. It is not a massive anhydrite 
but grades irregularly at the top into halite; it has an 18-inch shaly 
zone near the bottom and a 2-inch light gray shale at the base. Halite 
is included in part of the anhydrite both in the parallel and the dis- 

6 The name is derived from the North Cowden oil field in Ector County, Texas. 


“North Cowden Field, Ector County, Texas,” by S. C. Giesey and F. F. Fulk, Bull. 
Amer. Assoc. Petrol. Geol., Vol. 25, No. 4 (April, 1941), p. 603. 
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torted bands. In the shaly zones the bedding or laminae have been 
slightly flexed into long, low folds a yard or more wide, a structure that 


probably developed shortly after deposition, for the overlying laminae. 


do not conform with it. Sharp flexures of the laminae are seldom seen 
and where present represent only small minor adjustments in the bed- 
ding. 


THICKNESS OF COWDEN AND FLETCHER MEMBERS OF SALADO AS DETERMINED IN 
WELILs DRILLED OVER REEF-AREA NEAR CARLSBAD, NEw MExIco 


Cowden Halite 
Anhydrite Anhydrite 
Well Member Member 
(Feet) (Inches) (Feet) 

U. S. Potash Co. | 
Fletcher Potash Core Test 18 6 148 | 69 
Sec. 1, T. 21 S., R. 28 E. | 
Neil Wills 
Colglazier No. 1 25 110 50 
Sec. 20, T. 20 S., R. 30 E. 
Dooley No. 6 
George F. Getty Co. 20 110 50 
Sec. 24, T. 20 S., R. 29 E. 
Continental Oil Co. 
Barrett—A-14 20 120 go 
Sec. 14, T. 20 S., R. 30 E. 
Continental Oil Co. 
Barrett No. 1 15 130 60 
Sec. 22, T. 20 S., R. 30 E. 


Fracturing is apparent in the upper and more massive part of the 
anhydrite bed. All of them are high-angle fractures and can be classi- 
fied into two types. The older fractures are irregular and less distinct 
than the younger fractures. More likely than not they are filled with 
halite which possesses a serrated contact with the enclosing anhydrite. 
Small attendant fractures give the system a kind of dendritic pattern. 
The younger set of fractures has sharp clean-cut boundaries and is also 
filled with halite. 

Anhydrite is a brittle mineral and in its massive form commonly 
does not contain anything that might act as a lubricant to ease an ad- 
justment to excessive stress; consequently, the massive anhydrite 
where underlain by soft, uneven beds may develop vertical fractures 
if subjected to excessive stress. How much of this fracturing is due to 
only two stages of compactional stress, or to stresses produced by two 
periods of folding in the reef area, is a question that can not now be 
answered. 


| 


SALADO FORMATION NEAR CARLSBAD, N. M. 71 


The upper part of the Cowden anhydrite, as revealed by the drill- 


- cut surfaces of cores, has a massive, granular appearance but on the 


polished surface of the core it looks “‘marbleized.’”’ One can discern a 
faint interbanding with layers about 3°s inch thick and also with a 
much coarser group of layers an inch thick, all irregular and contorted. 
The rock is essentially a blue-gray, glassy anhydrite with fine patches 
and stringers of magnesite, fracture-filling halite, and a minute 
amount of brown shaly material. The fine, whitish magnesite is gen- 
erally associated with and surrounds the secondary, acicular anhydrite 
crystals. It is the presence of the magnesite that gives the faint im- 
pression of banding that is so prominently displayed in other anhy- 
drite members of the Salado. The brown blotches, which contribute to 
the marbleized appearance and which have no apparent form or rela- 
tion to any imaginable structure, are very small interstitial inclusions 
of extremely fine ferruginous silt that lends color and opaqueness to 
those portions of the rock out of all proportion to the amount of silt in 
them. The random dispersion of ferruginous silt in the anhydrite is 
somewhat similar to, but much less pronounced than, the correspond- 
ing dispersion of silt commonly seen in the halite beds. The anhydrite 
of the Cowden member has no doubt been subjected to a rearrange- 
ment of its constituents, as shown by the disrupted banding and the 
growth of secondary anhydrite crystals, but the actual amount of 
transformation is probably far less than the mottled appearance of the 
rock suggests. 

Throughout most of the Cowden anhydrite member some evidence 
of banding is apparent. The section between 1,145 and 1,158 feet is 
indefinite, but between 1,158 and 1,160 feet prominent white magne- 
site seams alternate with seams of grayish, glassy anhydrite. The 
magnesite seams are crinkled and disrupted by anhydrite pseudo- 
morphs of gypsum crystals that have grown upward from the upper 
surfaces of some of these seams. The matrix which encloses the upper 
terminals of the crystals is anhydrite. 

The magnesite in these seams and elsewhere occurs in very fine 
granules. Under the microscope it has been extremely difficult to de- 
termine whether these small quantities of material were magnesite, 
dolomite, or some mixture of these carbonates. To answer this ques- 
tion index samples of chemically proved dolomite and magnesite and a 
sample from one of the seams were submitted to W. E. Richmond of 
the Geological Survey for X-ray test. The results showed definitely 
that the material of the white bands is magnesite. 
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HALITE OF THE SALADO FORMATION 


The halite beds in the Salado are rarely without inclusion of some 
associated salts or a minute quantity of sediment. Occasionally beds 
of clear brilliant halite a few feet thick are encountered that on analy- 
sis contain less than one-quarter of one per cent of salts other than 
sodium chloride. Such salts in minute quantities are in the form of in- 
visible chemical combinations. The visible impurities are of two kinds: 
the related chemical salts, which were precipitated along with the 
halite in quantities sufficient to produce blebs, stringers, and bands; 
and sediments, such as fine sands, silts, and clays, which have been 
washed in and enclosed by the accumulating halite. The greater part 
of this sediment is in the form of silt, extremely fine quartz grains 
coated with clay and ferric oxide. Silt was brought into the Permian 
basin throughout Salado time and at intervals the quantity was suffi- 
cient to produce widespread beds of silt or silty halite. 

A very little silt disseminated through halite often gives an er- 
roneous impression of the quantity that is present. This is due to the 
shadows cast by the interstitial silt in the translucent halite. Five per 
cent of silt in halite may give the untrained observer the impression 
that two to three times this amount is present. Very minute amounts 
of silt were locally enclosed by the precipitated calcium sulphate salts, 
anhydrite, and gypsum. Where the silt is finely disseminated in the 
groundmass it gives to the otherwise bluish gray anhydrite a brownish 
cast, so that a mass thus colored might be mistaken for an inclusion of 
dolomitic material. The small, massed inclusions of silt, common to the 
halite beds, are very uncommon in the anhydrite. Where silt or allied 
mineral matter occurs in any quantity in anhydrite it forms thin hori- 
zontal seams or small beds. 


LA HUERTA SILTSTONE MEMBER OF THE SALADO 


Between the Cowden anhydrite member and the basal anhydrite 
member of the Salado is a 147-foot section of halite which is inter- 
rupted only by a few irregular thin beds and stringers of anhydrite. 
This halite also includes variable amounts of red silt. Throughout 
most of the section the red silt appears in small scattered inclusions 
but at a depth of 1,295 feet the red silt abruptly assumes a prominent 
part in the composition of the core for 5 feet and then gradually grades 
out into clear halite in the next 10 feet. This 5-foot section of halite is 
about 35 per cent silt, an amount sufficient to make a prominent show- 
ing in churn-drilled cuttings. This silt bed marks a definite horizon in 
the Salado over the reef and back-reef areas but is not a continuous 
red silt bed in the Delaware basin. Over the reef area this silt member 
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lies close to the top of the basal anhydrite of the Salado but in the 
back-reef area it is separated from this anhydrite unit by 40 or more 
feet of relatively silt-free halite. As it defines a horizon which is an aid 
to stratigraphic correlation and interpretation it is here given the 
name La Huerta siltstone member of the Salado formation. The name 
is taken from the La Huerta townsite, north of Carlsbad, New Mexico, 
where the member would crop out if it were present at the surface. 

A representative piece of La Huerta core from a depth of 1,296 feet 
was examined and analyzed. Placed in water the halite binder is dis- 
solved and the material is broken down into individual grains and 
small clusters. By carefully applied pressure with a stirring rod the 
clusters may be separated into the individual grains without breaking 
them. Treatment with hot hydrochloric acid and washing of the resi- 
due removes the iron and only quartz grains and some white clay re- 
main. The quartz grains are sharp, clear, crystal fragments 1/200 to 
1/350 of an inch in size. Occasionally a pale pinkish or milky fragment 
of quartz is seen. 

A sample of the air-dry core from the Fletcher test was sub- 
mitted to J. M. Axelrod of the chemical laboratory of the Geological 
Survey for analysis. It was found to be 65.6 per cent soluble in water at 
100° C. The solute after evaporation was determined to be halite and a 
little gypsum. The gypsum came from minute acicular crystals of an- 
hydrite scarcely discernible in the core except on close examination. 
The insoluble portion was reported as follows. 


ANALYsIS OF LA HUERTA StiTSTONE MEMBER 


Percentage of 


| Past Percentage of Sample 
©.99 0.34 
5-93 2.03 
Undetermined 2.99 

| 100.00 34.36 insoluble part 

| 65.6 soluble part 

99.96 


The previous observations have shown that quartz, clay, and iron 
are present. The iron is probably in the form of an oxide as it gives 
abundant color to the rock. Thus the alumina plus some of the silica 
and the remaining constituents of the analysis probably go to make up 
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montmorillonite as suggested by the high birefringence of the clay. On 
this basis the insoluble constituents of the silt in the core sample, 
which constitute 34.36 per cent of the core, include approximately 18 
per cent of quartz and 15 per cent of clay. 

Worthy of note is the fact that only 1.11 per cent of ferric iron 
oxide has given to the rock a rich dark mahogany color (deep Corin- 
thian to dark Indian red).’ The depth of color is due to saturation of 
the silt with halite. If this silt is washed clean of halite and dried, it be- 
comes a cocoa color (ferruginous to cinnamon-rufus). Thus rock 
cores of this composition may range between these two colors, depend- 
ing on the amount of halite in contact with the silt, a color change 
similar to that produced by the wetting of sediments. The green color 
of ferrous iron oxide is subdued by the presence of very little ferric 
iron. Analysis showed that .34 per cent of FeO was present in the in- 
soluble material along with 1.11 per cent of Fe203. 

The dense silt zones of the La Huerta member exhibit an irregular 
matte surface which is produced by a growth of halite causing a dis- 
ruption of the silt into small stringers and patches. The impression of 
the halite crystal formed upon the silt is seen only where secondary 
halite veins appear. The texture is poikilitic, one in which large mass 
crystal orientation of the halite takes place. It is common where silts 
predominate in the core. There are also fragments of foliated silts of an 
inch or more which appear to differ in composition and color from the 
contiguous silt (see Plate VIIa). This suggests bottom currents dur- 
ing the period of halite formation strong enough to dislodge local ac- 
cumulations of silt and to transport them for reincorporation else- 
where. This implies an environment quite different from that in which 
the evenly banded deposits were accumulated. 


THE SILTS OF THE SALADO 


The silts of the Salado are all essentially of the same composition 
They are composed of extremely fine, sharp, quartz grains coated 
with a small amount of ferric iron-stained residual clay. Where the 
ferric iron has been reduced the common dark reddish brown color is 
changed to tints of red-to-white or to a variety of greens. Where a 
small amount of carbon is present with iron the carbon is not likely to 
show unless the iron has been reduced. The pale tints of color and the 
grays are more commonly associated with the clays than with the silts. 

Stratigraphic evidence shows that these silts were transported 
more than 300 miles by waters during Salado time before arriving at 


7 Ridgway, Color Standards. 
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their present resting place, for the remaining part of the Salado now 
has an extent equal to that amount. The original source material from 
which they were derived must have been many times this distance 
from the place of accumulation, for the grains are now well sorted as 
to size and kind of material. There is reason to believe that these early 
processes of sorting of the material may have extended well into the 
pre-Permian. Whether the quartz grains were obtainec by the erosion 
of older siltstone deposits or reduced to their present size in early 
Permian time, the fact remains that at some period previous to their 
entry into the Salado basin the size of the quartz grains had reached a 
minimum beyond which the available processes of transportation 
could effect no further reduction. The weak velocities of the currents 
within the basin could hardly be expected to cause abrasion on such 
minute particles of low inertia, especially if they were at that time 
coated by any adhering film. 


FLETCHER ANHYDRITE MEMBER OF THE SALADO 


The lowest halite bed of the Salado grades within a foot or two into 
an uncommonly massive bed of anhydrite, which may range from 50 
to 100 feet or more in thickness. In this core test it is 69 feet thick. Be- 
cause of its stratigraphic importance this unit is here called the 
Fletcher anhydrite member of the Salado formation, the name being 
taken from the well in which this core test was made. 

Flexures in the underlying reef limestones made an uneven surface 
of deposition and the anhydrite accumulated in greatest thickness in 
the downfolded areas between the prominent unwarped masses of the 
reef limestone. The process of warping and filling continued intermit- 
tently during post-Carlsbad time, with the result that the chemical 
salts and silt beds that were deposited during a period of folding show 
variations in thickness over these depressions and elevations. Thus the 
top of the Salado is flexed somewhat in conformity with the pattern of 
its base but to a much lesser degree. The Cowden and Fletcher mem- 
bers are easily recognized on the drilling-time cards of rotary oil wells 
because the drill cuts halite more rapidly than anhydrite, and there- 
fore their positions are indicated and they serve as more reliable guides 
to an expected productive zone than markers stratigraphically much 
higher in the Rustler section. 

The drill-cut surface of the Fletcher anhydrite core gives the im- 
pression of massiveness and uniformity of texture. The more delicate 
textural features that may be present are partly marked by a coating 
of fine whitish anhydrite granules developed on the surface of the core 
by the abrading action of the drill. Polished surfaces disclose many in- 
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teresting and enlightening mineral relationships which are here men- 
tioned. 

The contacts of many of the anhydrite beds with halite are sharp, 
of others, gradational. The top of the Fletcher anhydrite is gradational 
and presents a form that the writer has found convenient to term a 
“lacy” texture. This texture appears to depend upon a former com- 
plex growth of twinned gypsum crystals that have been replaced by 
anhydrite and halite. A typical example shows a ladder-like arrange- 
ment of anhydrite and halite. (See Plate II.) Here a suture line of an- 
hydrite divides the structure, forming one of the rungs of the “ladder,” 
and bounds the outer margins. This ladder or lattice structure is made 
of anhydrite ribs with tabular cells of halite between them. This form 
may be seen in various degrees of perfection and when many of them 
are interlocked they compose the whole rock and give to it the lacy 
texture which is more impressive when seen on the rough exterior of 
the core. Most of the anhydrite ribs are horizontal and might lead one 
to suppose that they represent some form of sedimentary banding, but 
on closer inspection it is seen that these thin bands intersect one an- 
other or lie closely compacted along the margins of the replaced masses 
where in some places they have forms similar in shape to Liesegang 
rings. The halite apparently has replaced only part of many of the 
spaces between the ribs. 

The Fletcher anhydrite member is practically free from insoluble 
grit. The only accessory minerals in noteworthy quantity are dolomite 
and magnesite, the latter forming in places as much as 5 per cent of 
the rock. Much of the magnesite is present as fine particles dissemi- 
nated throughout the rock, and thus gives to the polished surface a dull 
grayish cast (light mineral gray). In some zones this magnesite appears 
to surround fragments of fossils, but close scrutiny shows that the sup- 
posed fossils are merely the outlines of corroded and broken crystals 
of gypsum that have been replaced. The larger gypsum forms are 
more nearly perfect, and suggest that the finer-textured rock may also 
be made of fragments that were originally gypsum. Stratification by 
current action is apparent. The fragments all have a general inclina- 
tion toward the horizontal, an uncommon position for the attached 
pseudomorphs of gypsum. Ball-like forms of magnesite are also present 
in the finer groundmass. , 

A piece of core from a depth of 1,335 feet was heated to a tempera- 
ture of 200°F. and the polished face swabbed with hot hydrochloric 
acid. Only a microscopic reaction was visible but this operation served 
to better define the magnesitic areas by making them chalky white 
(see Plate IV). 
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A piece of the fine-textured part of this core was submitted to the 
chemical laboratory of the Geological Survey for analysis with the 
following results. 


ANALYSIS OF A PIECE OF FLETCHER ANHYDRITE MEMBER 
(R. C. Wells, analyst) 


99-85 


R. C. Wells states that “if the CO, is calculated to dolomite, 1.41 per 
cent of MgO is left unaccounted for and the calculated CaSO, yields a 
summation less than 98 per cent. No water-soluble compound of mag- 
nesium, such as chloride or sulphate, could be detected, so that it 
seems necessary to conclude that the carbonate is present as magne- 
site. On this basis the analysis could be partly combined as follows.” 


The indices of refraction for e and w of dolomite and magnesite are 
so nearly alike that the petrographic method is of little use in distin- 
guishing small quantities of magnesite from ferrous dolomite. This 
sample of core was found to contain 0.17 per cent of iron, calculated as 
Fe,O3, but there is no chemical means of determining whether so 
small an amount of iron is free or in combination with CaM g(COs)2 to 
form a ferrous dolomite. Also the percentage of this impurity in the 
anhydrite is so small that the X-ray pattern does not register it. A 
mixture of as much as 1o per cent of dolomite in anhydrite will not 
show an X-ray pattern for dolomite on the photographic film. How- 
ever, the sum of the chemical and physical evidence and a comparison 
of the characteristics of the material definitely identified in the Cow- 
den anhydrite member leave little doubt that magnesite exists as such 
in most of the Fletcher anhydrite member. 

In the basal part of the Fletcher some of the anhydrite is so clear 
that it has a most uncommon bluish color (clear Paynes gray). Even 
in the clearest part of this blue anhydrite phantom forms outlined by 
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faint translucent clouds can be seen. In this blue anhydrite irregular 
stringers and cloud-like inclusions of brownish gray dolomite and a 
few small inclusions of pyrite are also prominent. This wood-brown 
dolomite probably represents an inwash of eroded reef material from 
the Carlsbad limestone. One section of core contains a fragment of 
pisolitic material in process of absorption, a feature that clearly indi- 
cates the Carlsbad as the source of some of the basal material of the 
Fletcher. If magnesite is present in the lower five feet of the Fletcher 
it is not recognizable as such, as it is completely masked by the more 
abundant and colorful dolomite. The inclusion of dolomitic material 
from the Carlsbad suggests that active erosion was in progress at 
places along the reef during the early stages of deposition of the Flet- 
cher. 


CARLSBAD LIMESTONE 


The Fletcher anhydrite member of the Salado formation rests on 
the Carlsbad limestone in the reef area. In the Delaware basin 1,000— 
2,000 feet of Castile beds intervene between the Salado formation and 
the Delaware Mountain group. In the back-reef area a part of the 
top beds of the Chalk Bluff formation that are distant from the reef 
may have been eroded away before the Fletcher was deposited. 
Though the Fletcher core provides evidence that some of the reef 
material of the Carlsbad had been eroded, it is not believed that much 
was lost for the continuity of bedding of both the Carlsbad and the 
Chalk Bluff can be carried without interruption for some distance into 
the back-reef. 

As shown in this core the contact of the Fletcher with the Carlsbad 
is not sharp. The anhydrite penetrates into the irregular surface open- 
ings of the Carlsbad and much dolomitic material has been carried up 
into the anhydrite. The openings may be primary or secondary; some 
of them may never have been filled; others may have been produced 
by pre-Fletcher erosion at the surface or by the action of ground- 
water. The known top of the Carlsbad carries a profusion of pisolites. 
The anhydrite has invaded not only the openings between the unas- 
sorted accumulations of pisolites but occurs in the softer or more 
soluble parts of the pisolites (see Plate X). This removal of the inner 
parts of the pisolites is apparent throughout the 13 feet of Carlsbad 
core recovered. This feature, together with the corroded appearance 
of the matrix between the pisolites, is evidence that this alteration 
took place after the pisolites were incorporated into the Carlsbad 
rock. 

The pisolites are perhaps the most outstanding characteristic of 
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the Carlsbad limestone for nowhere else in the Permian are they so 
abundant or so well developed. Odlites are found in many other strata 
but pisolites are seldom seen elsewhere. The pisolites are commonly 
larger and more abundant in the higher zones of the section near the 
frontal part of the Carlsbad. They are seldom found at distances as 
much as 4 or 5 miles back from the front of the reef. Some of the 
pisolites attain a diameter of 2 inches but such large ones are rare. 
Most of the larger ones average about 3 to 3? inch in diameter; smaller 
ones % to } inch in diameter fill much of the space between the larger 
ones. The size varies from bed to bed and from place to place in the 
individual beds. Toward the crest of the reef fusulinids are abundant 
and are commonly associated with the pisolites but both pisolites and 
fusilinids tend to disappear as the zone of interfingering sandstones 
and anhydrites is approached. 
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LATERAL GRADATION IN THE SEVEN RIVERS 
FORMATION, ROCKY ARROYO, EDDY 
COUNTY, NEW MEXICO! 


ROBERT L. BATES? 
Socorro, New Mexico 


ABSTRACT 


Surface exposures in the walls of Rocky Arroyo and adjacent canyons, 12 miles 
northwest of Carlsbad, New Mexico, reveal an abrupt lateral change in lithology in the 
Seven Rivers formation. A 275-foot section of gypsum with thin beds of dolomitic lime- 
stone merges into a thinner section of uniform dolomitic limestone with some sandstone 
beds. Evidence is presented to show that this change is the result of interfingering of 
gypsum and dolomitic limestone rather than of transgressional overlap of limestone on 
gypsum, as has previously been suggested. The abrupt lateral gradation is thought to 
have been produced by the close juxtaposition of differing sedimentary environments in 
Seven Rivers time. 


INTRODUCTION 


For a number of years geologists have been endeavoring to reduce 
the geological complexity of the Permian basin of West Texas and 
southeastern New Mexico to a rational scheme. Largely stimulated 
by the search for petroleum, this program has progressed rapidly and 
the work is still going forward. As is necessarily the fact in such a large 
area, where rocks of many types and ages are involved, the process 
has moved from the specific toward the general. Knowledge of the de- 
tailed geology of many local areas has to precede an understanding of 
the regional features. This paper, the subject matter of which is ad- 
mittedly local in scope, is presented in the belief that it will shed some 
light on one phase of the regional geology The effort has been made to 
avoid generalizations unwarranted by the material at hand. It is 
hoped, however, that as data accumulate on the region in question it 
will be possible to fit the Rocky Arroyo section readily into the larger 
picture. 

A handicap under which West Texas-New Mexico geologists have 
had to work is the inaccessibility of great areas of important rocks due 
to cover of younger, less significant material. Therefore the possibility 
of studying geologic relations at the surface is of more than usual in- 
terest. The rocks discussed in this paper are exposed at the surface 
where they may be readily examined, without the necessity of resort- 
ing to well cuttings or involving interpretations made only from well 
records. 


1 Manuscript received, May 31, 1941. Published with the permission of the director, 
New Mexico Bureau of Mines and Mineral Resources. 


® Geologist, New Mexico Bureau of Mines and Mineral Resources. 
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the Pecos Valley of New Mexico and Texas,” Bull. Amer. Assoc. Petrol. Geol., Vol. 21 
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it. Considerable information has been contributed by Neil H. Wills 
and George D. Riggs, consulting geologists of Carlsbad, New Mexico. 
Wills furnished the control for the sketch map, Figure 3. Riggs pointed 
out several excellent exposures and made numerous worth-while 
suggestions in field discussion. Thanks are due to H. B. Graves, Jr., 
for aid in the field work. 


| 
% 
% 
e 4 
4 
3 
| ~— > 
Carlebad 
| all Basin Azotea 
| 
Delaware 
} Crow Basin 
Flat 
| 
‘ 
‘ 


82 ROBERT L. BATES 


LOCATION AND TOPOGRAPHY 


Rocky Arroyo is a canyon’ situated in Eddy County, New Mexico, 
about 12 miles northwest of Carlsbad (Fig. 1). It forms a sharp narrow 
re-entrant in the Seven Rivers Hills (Fig. 2), a row of westward-facing 
bluffs capped by resistant dolomitic limestone. The dolomitic lime- 
stone makes a wide plateau called Azotea Mesa. The Rocky Arroyo 
drainage system, which at present consists entirely of intermittent 
streams, originates in the Guadalupe Mountains, emerges from them 


Fic. 2.—Panorama of the Seven Rivers Hills at the west end of Rocky Arroyo, looking 
northeast. Photo by H. B. Graves, Jr. 

through Three Forks Canyon, crosses Indian Basin, cuts through 
Azotea Mesa in Rocky Arroyo, and joins the Pecos River about 9 
miles north of Carlsbad. As the regional dip is eastward at a slightly 
higher angle than the drainage gradient, the Rocky Arroyo channel 
descends from older to younger beds. At a point about 4 miles west of 
the Pecos River, the channel reaches a stratigraphic position roughly 
equivalent to the top of the limestone bed capping Azotea Mesa. At 
this point the walls of the Arroyo fall away into gently rolling hills 
which merge with those along the Pecos Valley. 

North of Rocky Arroyo, the Seven Rivers Hills swing eastward 
and cross the Pecos River at the south end of Lake McMillan. South- 
ward they merge with the Guadalupe Mountains. A more detailed dis- 
cussion of the regional topography has been given by Lang (6). 

3 For convenience in reference and discussion, in this paper the term Rocky Arroyo 
will be confined to the canyon indicated on Figure 1. However, Ronald DeFord points 
out that this usage is a somewhat loose substitution of a part for the whole, as according 
to generally accepted terminology Rocky Arroyo applies to the entire channel from head 
waters to the Pecos River, the canyon in question being only a part of this channel. In 
the usage of this paper, an expression like “the western part of Rocky Arroyo” refers to 


the western part of the canyon, not to the headwaters area in the Guadalupe Mountains. 
It is hoped that no undue confusion will arise from the writer’s use of the term. 
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The sections which best expose the geological relations discussed 
in this paper are found in the western part of the arroyo, where the 
trend of the canyon is east-west (Fig. 3). This area is in the south half 
of T. 21 S., R. 24 E., New Mexico principal meridian. 


STRATIGRAPHY 
NOMENCLATURE 


Study of the Permian sediments of this general region has shown 
the presence of a dolomitic limestone reef which surrounds a deep 
structural depression, the Delaware basin (Fig. 1). Back of the reef 
lie lagoonal deposits which cover many thousand square miles. La- 
goonal beds grade laterally into the reef, and basinal sediments lap 
up on the reef or grade into it. Some Delaware basin strata are en- 
tirely different lithologically from their time equivalents in the back- 
reef zone. It has therefore been found necessary to use a three-fold set 
of stratigraphic terms: fore-reef (basinal), reef-zone, and back-reef 
(lagoonal). The Rocky Arroyo section lies entirely within the back-reef 
(lagoonal) province, about 12 miles from the reef front which plunges 
northeast under the town of Carlsbad. 

The strata involved belong to the Queen and Seven Rivers forma- 
tions. The following chart shows their position in relation to other 
units of the Permian. 

Back-REEF NOMENCLATURE 


Series Group Formation 
Tansill 
Ochoa 
Guadalupe Whitehorse even Rivers 
Leonard Queen 
| Wolfcamp Grayburg 


The ranking of stratigraphic terms in this paper follows the usage 
of Dickey (5), accepted for the West Texas-New Mexico symposium. 
A slightly different classification has been set forth by Lang (6). The 
Grayburg apparently corresponds roughly with the “Dog Canyon” of 
Lang; the Queen and Seven Rivers are treated by him as members of 
the “Chalk Bluff formation’ (= Whitehorse group). Strata now 
known as Yates and Tansill are placed by Lang in the ‘‘Three Twins 
member” of the “Chalk Bluff formation.” 


QUEEN FORMATION 


The term “Queen sand” had been in common use among New Mex- 
ico geologists for some years before it was introduced into the litera- 
ture by Crandall (2). The name is taken from extensive exposures in 
the vicinity of Queen Post Office about 20 miles southwest of Rocky 
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Arroyo. It was defined as a brown and buff sandstone, 100 feet thick, 
lying beneath the Seven Rivers gypsum. Blanchard and Davis (1) 
state that the thickness of the Queen is o-500 feet and that the “Queen 
sand” of Crandall is its topmost member. Lang (6) gives the Queen a 
thickness of 60-100 feet and places the lower sandstones and sandy 
dolomites of Blanchard and Davis in the ‘‘Dog Canyon formation.” 
Dickey (5) states that the thickness of o—500 feet given by Blanchard 
and Davis corresponds best with the known Queen section in the sub- 
surface of Eddy County, where, he states, the Queen formation is 
about 350 feet thick. The exact definition of the base of the Queen at 
the surface awaits further detailed field work. In no case, however, has 
there been dispute about the upper limit of the formation. It is only 
the upper beds that are involved in the sections discussed in this pa- 
per. 
SEVEN RIVERS FORMATION 

The Seven Rivers was first described by Meinzer, Renick, and 
Bryan (7) as a gypsiferous member of the Chupadera formation. They 
assigned it a thickness of 160 feet or more, the upper 60 feet of which 
consists of interbedded greenish limy shale and limestone, and the 
lower part of gypsum. According to Dickey (5) the top of the Seven 
Rivers formation in the subsurface is now placed at the base of the 
Yates sand section and the base at the top of the Queen sand section, 
giving an average thickness throughout the Permian basin of some 
500 feet. More than 440 feet are exposed above the top of the Queen 
formation in Rocky Arroyo. As it is believed that the upper limit of 
the exposure having this thickness is near the top of the formation, 
rather close correspondence with Dickey’s figure is suggested. 

According to the present definition of the upper and lower limits 
of the Seven Rivers formation, a thick bed of dolomitic limestone 
overlying the gypsum section is included in the formation. This bed 
supports Azotea Mesa and has been called by Lang (6) “the Azotea 
tongue of the Carlsbad formation.” The Carlsbad limestone is now de- 
fined by DeFord and Lloyd (3) as the thin-bedded lagoonal limestone 
facies of the massive Capitan reef limestone. They do not consider 
that the Carlsbad extends as far away from the reef as Rocky Arroyo. 
Hence DeFord, Wills, and Riggs (4) state that the ‘““Azotea tongue” is 
a member of the Seven Rivers formation. 


PROBLEM OF THE SEVEN RIVERS 


INTRODUCTION 


At a point about 1 mile east of the west end of Rocky Arroyo, an 
abrupt lithologic change takes place in the rocks of the canyon walls. 
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The change is best exposed on the north side of the arroyo and can 
be observed from the road. A thick section of gypsum with red zones 
and thin limestone beds changes abruptly to a uniform limestone sec- 
tion (Fig. 4). On close examination much of the change is found to 
take place within a horizontal distance of 500 feet. The massive 
Azotea limestone member overlying the gypsum at the west end of 
the arroyo merges downward with the limestone that takes the place 
of the gypsum farther east. The resulting section of limestone con- 
tinues eastward into the subsurface. The original westward extent of 
the gypsum section in this area is unknown, as it is cut off by erosion 
in the Seven Rivers Hills. 

Two such different types of rock could be brought into close juxto- 
position by structural displacement. Evidence of large-scale faulting, 
however, is entirely lacking. The fault which is exposed in the north- 
east quarter of Section 28 (Fig. 3) is of local extent only. There is no 
fault gouge, drag folding, or other indication of movement. The Azo- 
tea member of the Seven Rivers formation continues unbroken across 
the zone of change in the underlying beds. 

Blanchard and Davis (1) found no evidence of interdigitation be- 
tween gypsum and limestone, and advanced the hypothesis that the 
condition represents transgressional overlap from east to west of 
“Carlsbad limestone” on the gypsum section. Crandall (2) arrived at 
the same conclusion and states that “a conglomerate or a zone of re- 
worked red shale and gypsum”’ everywhere separates the “Carlsbad” 
from the underlying gypsum. Meinzer and others (7) state that a per- 
sistent bed of breccia occurring above the Seven Rivers gypsum sec- 
tion at the south end of Lake McMillan (Fig. 1) might represent an 
ancient sink-hole surface of Permian time, thus recording an intra- 
Permian unconformity. Field work for the present report shows that 
(1) no true conglomerate occurs in this terrane of beds; (2) not one 
breccia, but several, are present, and they are not of Permian, but of 
Recent, age; and (3) there is good evidence of interfingering of gyp- 
sum and limestone. For these reasons it is believed that the hypothesis 
of transgressional overlap is untenable. 

A third possible explanation for the abrupt lateral change in lithol- 
ogy is chemical replacement of gypsum by dolomitic limestone. The 
relations shown between the two types of rock in good exposures, and 
the absence of unreplaced masses of either type in the other, indicate 
that this hypothesis is not valid. 

Interfingering of dolomitic limestone with gypsum and the time 
equivalents of gypsum is believed to be the correct interpretation. 
Evidence supporting this conclusion follows. 
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INTERFINGERING OF DOLOMITIC LIMESTONE WITH 
GYPSUM AND ITS TIME EQUIVALENTS 

A number of detailed vertical sections of both gypsum and lime- 
stone facies may be measured in erosion scars on the north wall of 
Rocky Arroyo. In these scars or trenches, clean exposures allow access 
to every bed for thicknesses as great as 400 feet. However, talus and 
slumped material cover the beds on the canyon wall so that it is im- 
possible to trace individual beds along the slope from one erosion scar 
to the next. Hence one is forced to look elsewhere for exposures show- 
ing lateral as well as vertical relations. 

A northwest-southeast section which affords pertinent data is ex- 
posed on the wall of a canyon in the north half of Section 32 (Fig. 3). 
A photograph and scale drawing of this exposure are shown in Figures 
5 and 6. A 4-foot gypsum bed abruptly ends and its place is taken by a 
red highly porous crystalline calcitic limestone which is 2} feet thick. 
A continuous bed of light gray dolomitic limestone with blocky frac- 
ture underlies both gypsum and calcitic limestone, and a similar bed 
overlies the two materials. The attitude of the lower bed of dolomitic 
limestone is constant, but the upper one arches upward at the place of 
contact between calcitic limestone and gypsum, to allow for the 
thicker section of the latter. 

The color, texture, type of weathering, and general lithology of 
each of these three kinds of rock can be exactly duplicated in exposures 
in the many erosion trenches in western Rocky Arroyo. Relations of 
the beds in the vertical dimension are also identical. The assumption is 
therefore made that the section described above, and shown in Figures 
5 and 6, represents in essence the type of lateral change which occurs 
extensively in the Seven Rivers formation in this area. 

The presence of some 60 feet of gypsum in section 5, Figure 4, and 
the complete absence of gypsum in section 6, only 500 feet away, 
shows plainly that the lateral change must be abrupt. Its abruptness 
is readily explained under the assumption that the exposure reveals 
the typical manner of gradation (Fig. 7). 

The cross section, Figure 4, is thus constructed on evidence from 
two sources. Vertical control is provided by measured sections 1-6. 
Horizontal interpretation is based largely on information afforded by 
the exposure to the southwest. It may be well to repeat that individ- 
ual beds can not be traced along the canyon wall between measured 
sections. Therefore the detailed correlations may be open to some 
question. It is believed, however, that the general conclusions pre- 
sented in Figure 4 are amply warranted. 

It seems evident that the gypsum and the material which takes its 
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place laterally are time equivalents and that therefore they are to be 
treated as a unit in correlation. Thus, although the gypsum itself ends 
without gradual thinning, the penetration of the gypsum plus transi- 
tional material into the dolomitic limestone is as extensive as that of 
the latter into the gypsum. 


Fic. 7.—Detail of transition. White gypsum (g) on the right ends against zone of 
transitiona] material, in this case crystalline calcitic limestone (c). Beds of dolomitic 
limestone (d) above and below are continuous. Protruding ledge in lower right corner 
conceals base of gypsum bed. Photo by G. D. Riggs. 


EFFECTS OF FORMATION OF GYPSUM FROM ANHYDRITE 


In places where the Seven Rivers formation lies at depth and is 
penetrated by the drill, its calcium sulphate is in the form of anhy- 
drite; where exposed at the surface, it is in the form of gypsum. It is 
therefore believed that the gypsum exposed in Rocky Arroyo repre- 
sents anhydrite that has been altered by the surface and near-surface 
effects of ground water and weathering agents. 

Statements vary as to the volume increase undergone by anhydrite 
in the change to gypsum (8, 9, 10). An expansion in volume of 40 per 
cent is an average figure. The thickness of the Seven Rivers gypsum 
section in surface exposures is therefore considerably greater than 
that of the beds of parent anhydrite. The relations shown in the ex- 
posure 13 miles southwest of Rocky Arroyo (Figs. 5, 6) are believed 
to be typical. The expansion which the anhydrite underwent on hy- 
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dration was relieved in an upward direction, and did not produce de- 
formational structures within the beds. The dashed line of Figure 6 
represents the surface of an anhydrite deposit only 60 per cent as 
thick as the present bed of gypsum. It will be noted that the thickness 
of anhydrite thus postulated agrees closely with the thickness of the 
bed of red calcitic limestone to which the gypsum is equivalent. 
Further evidence to this effect is shown by the fact that the thickness 
of gypsum in section 4, Figure 4, is to the thickness of equivalent beds 
in section 5 approximately in the ratio of 10 to 6. This ratio does not 
remain constant for thicknesses of gypsum and limestone that are a 
long distance apart, as the beds of red calcitic limestone and other 
transitional material decrease in thickness toward the reef. 

Many thin beds of dolomitic limestone constitute a prominent fea- 
ture of the thick gypsum section in western Rocky Arroyo. Typically 
these limestone beds do not crop out as solid ledges, but rather as 
zones of small blocks or slabs. Where exposed in ramifying erosion 
channels, these blocky zones are traceable for 40 or 50 feet, and it 
seems likely that they extend for long distances through the gypsum. 
It is thought probable that their broken character is not wholly due 
to weathering processes, but may be in part the result of stresses gen- 
erated in the thin brittle limestone beds when the anhydrite, with 
which they were originally deposited, changed to gypsum. 


EXTENT OF TRANSITIONAL MATERIAL 


Numerous exposures of the predominant transitional type, red 
calcitic limestone, indicate the extent of the transitional material east- 
ward into the dolomitic limestone section. Figure 8 illustrates an ex- 
posure that occurs on the wall of a tributary canyon to Rocky Arroyo. 
At this locality, a two-foot bed of red material, identical in character 
with that in the exposure in the north half of Section 32, crops out be- 
tween blocky layers of gray dolomitic limestone. No gypsum occurs 
this far east. Striking exposures of this type of red limestone are also 
present in Dark Canyon, 10 miles due south of Rocky Arroyo at a 
comparable distance from the Capitan Reef (Fig. 1). It is believed that 
wherever the red calcitic limestone is encountered it represents a zone 
which contains gypsum farther away from the reef. 

The extent of these beds toward the reef is not known. It may be 
approximately inferred, however, from two lines of evidence. Riggs* 
recognized material of the transitional type in cuttings from the Black 
and Ratliff, Simmons No. 1, a dry hole located 7 miles east of the ex- 
posures discussed above, which penetrated nearly the entire dolomitic 


4G. D. Riggs, personal communication. 
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limestone facies of the Seven Rivers. This locality is about 3 miles 
closer to the Capitan Reef than the west end of Rocky Arroyo. In the 
reef section itself, both massive Capitan and bedded Carlsbad fringing 
it consist entirely of gray and buff dolomitic limestone with thin 


Fic. 8.—Red calcitic limestone between beds of blocky dolomitic limestone. Ham- 
mer is at base of red zone. South tributary canyon to Rocky Arroyo, Sec. 21, T. 21 S., 
R, 24 E. 


sandy layers. The absence of red transitional material from the reef 
section indicates that the gypsum equivalents pinch out at a distance 
of a few miles from the Capitan Reef. It seems likely that the gypsum 
beds are equivalents of bedding planes in the Carlsbad dolomitic lime- 
stone and represent periods of no deposition in the reef zone. 


DESCRIPTION OF LITHOLOGIC TYPES 


Gypsum.—The gypsum of the Seven Rivers formation where ex- 
posed in Rocky Arroyo occurs both pure and intermixed with gray or 
red shale. The pure material, which is brilliant white, has a crystalline 
texture and the crystals may be small, or large and radially inter- 
grown. Apparently there are all gradations from pure gypsum to red or 
gray gypsiferous shale. In many places, thick gypsum beds weather to 
reddish or grayish columnar masses, which consist of approximately 90 
per cent gypsum and ro per cent shale. Most of the shale occurs as 
a secondary wash in partings between the gypsum columns; it does not 
have to be very abundant to give the outcrop a distinctive color. The 
two prominent red bands on the Seven Rivers Hills, visible from a dis- 
tance (Fig. 2), are gypsum beds that have a content of red shale. It is 
believed that much of the shale was originally in thin horizontal part- 
ings between thicker units of anhydrite, and that on change of the 
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anhydrite to gypsum, and also on solution and recrystallization of the 
gypsum at or near the present surface, the partings became disrupted 
and the shale formed a mud which washed into the interstices between 
gypsum crystals. 

The few beds of red shale thick enough to be recognized as such all 
contain more or less gypsum. The gypsum content is revealed either 
by a glistening appearance on fresh surfaces produced by minute 
selenite crystals, or by the presence of thin stringers and veinlets of 
white gypsum in the red shale beds. 

Dolomitic limestone in the gypsum section—Beds of dolomitic lime- 
stone occur throughout the gypsum section. They vary in thickness 
from a fraction of a foot to 3 feet. Most are tan or gray in color and 
weather light gray to white. There are a few pink beds. Texture is 
dense to finely crystalline. As has been pointed out, exposed ledges 
are blocky and broken. Most of the blocks are deeply pitted with mi- 
nute irregularly shaped cavities, some of which are lined with calcite 
crystals. Primary anhydrite inclusions are seen on fresh surfaces in 
some layers. It is believed that most of the small pits are produced by 
solution of inclusions. The limestone beds are more resistant than the 
associated gypsum, and tend to make benches or spurs on bare slopes 
between closely spaced erosion trenches. 

Transitional material—The predominant type of transitional ma- 
terial is pink or red porous loosely crystalline calcitic limestone. Four 
samples of this material from as many exposures were submitted for 
quantitative chemical analyses. Due to the presence of silicates in the 
red clay or silt which imparts the color to the rock, it was found im- 
possible to obtain precise percentage figures for content of calcium 
carbonate and calcium sulphate. It was plain, however, that the car- 
bonate content is very high and the sulphate content very low. The 
following table shows approximate analyses, with the localities from 
which the samples were taken. 


Percentage 
I 2 3 4 
CaCO; 67 94 95 92 
CaSO, Trace 2.5 0.2 


Percentages of water of combination and of red clay and silt were not determined. 
( ES . “4 a few feet above top of Queen formation in side canyon in Sections 25 and 

36 (Fig. 3). 

2. Exposure on wall of canyon in north half of Section 32. Material from a point one 
foot distant from end of gypsum bed (beneath hammer in Fig. 7). 

3. Ledge in channel of Dark Canyon 10 miles south of Rocky Arroyo. 
_ 4. Two-foot zone at base of Azotea member, measured section in Seven Rivers 

ills, 
F. C. M. Smithson, analyst. 


These figures show that the highest content of gypsum occurs in the 
material immediately adjacent to the end of a gypsum bed. 
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Subordinate amounts of other types of material are believed to be 
gypsum equivalents toward the reef. At one place, a ten-foot bed of 
silty calcareous red sandstone carrying thin irregular stringers of 
white calcitic material was found directly beneath the Azotea member 
in a position apparently corresponding with that of a thick bed of 
gypsum on the west. At another point, a chalky white and pink cal- 
careous shale occurs in a similar position. In section 5, Figure 4, beds 
of calcareous red shale interbedded with limestone above the Queen 
formation are believed to be the equivalent of gypsum beds. It is ad- 
mitted that at no place was gypsum actually seen to merge laterally 
into these materials. 

Seven Rivers dolomitic limestone.—Dolomitic limestone not inter- 
bedded with gypsum includes the Azotea member and the section 
reefward from the gypsum. The limestone in both parts of the forma- 
tion is remarkably uniform. On fresh surfaces its color varies through 
light tan, light gray, cream, and pink; characteristically it weathers 
brown. On weathering it produces extremely rough pitted surfaces and 
it crops out in blocky ledges. Texture is dense to sub-lithographic, and 
porosity is rarely evident. 

No recognizable fossils were found. A dense pink bed occurring 65 
feet above the base of the formation in section 6, Figure 4, contains 
spots which are possibly organic. On fresh surfaces they show indis- 
tinctly as light pink to white oval and rounded areas with a trace of 
concentric structure. They show more distinctly on weathered sur- 
faces as a result of etching. Although algal origin is suggested, a thin 
section of the rock showed no recognizable structures. 

A few sandstone beds occur in the Seven Rivers dolomitic lime- 
stone section in this area. Good exposures may be seen in the upper 
part of the side canyon in sections 26 and 35 (Fig. 3). A part of a sec- 
tion measured in this canyon follows. 


Feet 
6. Dolomite, light gray, dense, in beds of medium thickness; weathers buff and 
5. Sandstone, brown, fine; weathers to spalled surfaces; with some sandy shale.. 30 
4. Dolomite, light gray, dense; weathers rough and brown................... 6 
2. Sandstone, fine, cross-laminated. Changes color abruptly both vertically and 
horizontally, varying from bright red to yellow-brown. Weathers in exfoliated 
ledges. Less resistant than the II 
1. Dolomite, light colored, uniform, dense, in beds 4 to 6 inches thick........ 30 
258 


Upper beds of the Queen formation.—Some 125 feet of the upper 
Queen beds are exposed in western Rocky Arroyo. They consist of 
sandstone and sandy shale, and dolomitic limestone. 
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The sandstone is yellow, buff, gray, or brown; generally fine- 
grained; and in most places silty or argillaceous. As it is soft and not 
very resistant, exposures are poor. A fifteen-foot bed of white sand- 
stone crops out in a low hill in Section 29. It weathers brown and is in 
part massive and in part shaly. A few feet below this bed is a thinner 
white sandstone which weathers to exfoliated surfaces. Where the 
main Rocky Arroyo channel cuts against the south canyon wall in 
Section 26 (Fig. 3), brown sandstone of the Queen is deeply honey- 
combed. 

Small frosted quartz grains were found in the yellow-buff fine 
Queen sandstone in section 4, Figure 4, 40 feet below the top of the 
formation. 

Abundant sandy and silty shale occurs with the Queen sandstone. 
A few beds are fissile, but most are soft and friable. Prevailing colors 
are yellowish and greenish gray. 

As indicated in Figure 4, the sandstone and shale of the Queen im- 
mediately underlie the Seven Rivers. The stratigraphic position of 
these beds, their lithology, and the presence of frosted quartz grains, 
identify the unit unmistakably as the so-called ‘‘Red Sand,” topmost 
Queen marker in the subsurface of Eddy County to the east. 

Dolomitic limestone underlies the sandstone and shale of the 
Queen. Typically it is light tan, dense, and uniform. There are a few 
small vugs lined with calcite crystals. The dolomite, which is much 
more resistant than the sandstone and shale above it, forms a prom- 
inent ledge near the base of the walls of Rocky Arroyo. With the ex- 
ception of the Azotea member of the Seven Rivers, this dolomite is the 
only laterally traceable bed in the entire section. In the vicinity of sec- 
tion 6, Figure 4, it produces a 30-foot cliff where the stream channel 
has swung against the canyon wall. 


BRECCIA 


Even a cursory examination discloses the presence of numerous 
accumulations of breccia in the Seven Rivers section in this area. This 
material (Fig. 9) is found in erosion scars or channels on the hillsides 
and in the bottoms of small side canyons tributary to Rocky Arroyo. 
The breccia consists of angular fragments of tan and pink dense 
dolomitic limestone embedded in a pink or red coarsely crystalline 
calcitic limestone. Dimensions of the dolomite blocks vary from a frac- 
tion of an inch to a foot or two. At a few places, flakes of gray and red 
shale also occur as clastics. 

As the explanation of the stratigraphic and sedimentary relations 
of the Seven Rivers formation depends to a considerable extent on 
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the way in which these breccias are interpreted, special attention 
was given to them. The following conclusions were drawn. (1) The 
material is not a conglomerate. as the clastic units show no evidence 
of stream or wave rounding or abrasion. (2) The breccia is invariably 
associated with one or more beds of red calcitic limestone, the chief 
reefward equivalent of the gypsum (3) The breccia occurs prominently 
at places where the drainage on the present land surface is concen- 
trated. (4) Although in places the breccia appears to be in place be- 


Fic. 9.—Breccia in the bottom of an erosion scar, north canyon wall of Rocky Arroyo. 


tween limestone beds of Seven Rivers age, in other places it has 
plainly accumulated as a veneer which lies across exposed ledges. It 
is believed that the appearance of contemporaneity with the beds of 
dolomitic limestone is misleading, and that at no place is the breccia 
actually interbedded with the Seven Rivers sediments. Thus it is not 
Permian in age, but Recent. 

The manner of formation of the breccia may be reconstructed as 
follows. At places where modern drainage intersects one or more beds 
of porous red calcitic limestone separating beds of dolomitic lime- 
stone, solution affects the former more than the latter. This is to be 
expected as the red limestone is highly calcitic and in most places very 
porous, while the beds above and below are dolomitic and invariably 
dense. The overlying bed of light tan or gray dolomite is undermined, 
and eventually blocks or slabs are displaced. They may slump a few 
inches, or several feet. An accumulation of such angular blocks af- 
fords an excellent place for the re-precipitation of the calcium car- 
bonate of the red bed. In the course of time the blocks become firmly 
cemented and a breccia is the result. 
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It is thought that the breccias recognized and discussed by Mein- 
zer, Renick, and Bryan (7), including “the persistent breccia at the 
top of the Seven Rivers gypsiferous member” at the south end of Lake 
McMillan (Fig. 1), are identical in character and origin with those 
discussed above. This conclusion is indicated by the authors’ de- 
scription of the beds, and by their statement that “generally the 
breccia beds vary in thickness along the outcrop and in places end 
abruptly against the normal limestone.’”’ Maximum thickness of the 
breccia observed by Meinzer and others was 60 feet. No difficulty is 
encountered in explaining a breccia having an apparent “thickness’’ 
of 60 feet or even more, if in reality the breccia is only a veneer ap- 
proximately parallel with the slope of the exposure. 

Meinzer, Renick, and Bryan iennepenete that the persistent breccia 
at the top of the Seven Rivers gypsum “‘may represent an ancient sink- 
hole country of Permian time” and may record an unconformity 
within the Permian. Blanchard and Davis (1) and Crandall (2) inter- 
preted the breccia as a Permian conglomerate and based their hypoth- 
esis of transgressional overlap in part on this interpretation. Under 
the conclusions offered in this paper, the breccias can have no signifi- 
cance as to unconformities or overlap within the Permian. They are 
surface features serving to indicate the presence of red calcitic lime- 
stone in the bedrock. 


SEDIMENTARY FEATURES BEARING ON ENVIRONMENT 
OF DEPOSITION 


No attempt is made in this paper to reconstruct in detail the con- 
ditions under which the Seven Rivers beds accumulated. A larger bly 
of critical data, from other sources besides the Rocky Arroyo areaf) is 
needed. However, certain sedimentary features of the section studged 
are believed to be worth mentioning. It is taken for granted that ghe 
Seven Rivers sediments accumulated in a shallow sea which wasgon 
_ the back-reef (lagoonal) side of the Capitan Reef. 

1. Sedimentation is believed to have been essentially continius 
throughout the time represented by the strata studied. The si™rp 
change in sediments from Queen sandstone to Seven Rivers evapofftes 
or dolomitic limestone is believed to have taken place without effer- 
gence or erosion. Evidence is set forth ina previous paragraph to sow 


and the Azotea limestone member. 

2. The sequence of deposits has a certain cyclical character. ach 
cycle seems to represent two stages. First there was deposition of fray 
dense dolomitic limestone extending from the zone immediately fff'ng- 


ig 
that there is no unconformity between the Seven Rivers evapo tes 
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ing the reef for an unknown distance out into the back-reef area. In 
the second stage, different conditions existed simultaneously in dif- 
ferent areas and produced three results: (a) a pause in deposition of 
the bedded limestone against the reef; (b) deposition of calcium car- 
bonate with small amounts of disseminated fine red clastics in a zone 
extending from the bedded reef limestone out to a point where there 
was an abrupt transition to (c) precipitation of calcium sulphate ex- 
tending far into the back-reef sea. Change of conditions to produce 
deposition of dolomitic limestone over the entire area initiated an- 
other cycle. 

3. The Azotea limestone member is thought to have been formed 
in an environment similar to that of the first stage in paragraph 2. The 
conditions, however, remained the same for a long period, allowing 
the formation of a thick unit of dolomitic limestone instead of a thin 
one. 

4. Precipitation of calcium sulphate took place closest to the reef 
in early Seven Rivers time and progressively farther away as time 
went on. 

Discussion of environments of Permian sedimentation may be 
found in papers by Blanchard and Davis (1) and by Lang (6). 


CONCLUSIONS 


The lateral change in the rocks of the Seven Rivers formation in 
and near Rocky Arroyo is an example of interfingering of dolomitic 
limestone with gypsum and its transitional time equivalents. Beds of 
the gypsum itself end abruptly. It is believed that these relations, 
which are important in that the evidence is obtainable from surface 
exposures, are representative of the abrupt facies changes that char- 
acterize the Permian of the West Texas-New Mexico region. 


REFERENCES 


1. W. G. BLANCHARD, Jr., and M. J. Davis, “Permian Stratigraphy and 
Structure of Parts of Southeastern New Mexico and Southwestern Texas,” 
Bull. Amer. Assoc. Petrol. Geol., Vol. 13, No. 8 (August, 1929), pp. 957-95. 

2. K. H. CRANDALL, ‘Permian Stratigraphy of Parts of Southeastern New 
Mexico and Adjacent Parts of Western Texas,” Bull. Amer. Assoc. Petrol. 
Geol., Vol. 13, No. 8 (August, 1929), pp. 927-44. 

. R. K. DEForp and E. Russet Lioyp, “Editorial Introduction,” West 
Texas-New Mexico Symposium, Bull. Amer. Assoc. Petrol. Geol., Vol. 
24, No. 1 (January, 1940), pp. I-14. 

4. R. K. DEForp, N. H. WILts, and G. D. Rices, “Road Log of Fall Field 

Trip, 1940, of West Texas Geological Society, in Eddy County, New 
Mexico.”’ West Texas Geol. Soc. (1940). (Mimeographed.) 


w 


3 
a 


SEVEN RIVERS FORMATION, NEW MEXIC¢ 99 


5. R. I. Dickey, “Geologic Section from Fisher County through, Andrews 
i Assoc. 


County, Texas, to Eddy County, New Mexico,” Bull. A 


Petrol. Geol., Vol. 24, No. 1 (January, 1940), pp. 37-51. 
6. W. B. Lane, “The Permian Formations of the Pecos Valley of N |v Mexico 


and Texas,” Bull. Amer. Assoc. Petrol. Geol., Vol. 21, No. 7 (Jyty, 1937), 


pp. 832-08. 
7. O. E. Meizer, B. C. Renick, and Kirk Bryan, “Geology\ of No. 3 


Reservoir Site of the Carlsbad Irrigation Project, New Mgxico, with 
Respect to Water Tightness,” U. S. Geol. Survey Water-Sugply Paper 


580-A (1926). 
8. D. H. NEwLanp, “Geology of Gypsum and Anhydrite,” Econ. (Geol. Vol. 


16 (1921), pp. 393-404. 
9. R. W. Stone and others, “Gypsum Deposits of the United suf U.S. 


Geol. Survey Bull. 697 (1920). 
ro. W. H. TWENHOFEL, Treatise on Sedimentation, ed. 2 (1932), bp. 751-52. 


i 
i 
' 
1 


i 5 
q 
a : 


BULLETIN OF THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
VOL. 26, NO. 1 (JANUARY, 1942), PP. 100-122 


STUDY GROUP REPORTS 


PROBLEM OF WELL SPACING 


HOUSTON GEOLOGICAL SOCIETY STUDY 
GROUP ON WELL SPACING! 
Houston, Texas 


Much has been written in past years on the subject, ‘‘Well Spac- 
ing.” It is fully recognized that the problems of well spacing and those 
associated with it are among the most important problems encoun- 
tered in oil-field development. This Study Group undertook a study of 
the subject with the purpose of outlining and discussing for its own 
benefit the principal factors which the group considers essential to 
a more complete comprehension of the problem and to the determina- 
tion of a sound program of well spacing for a given situation. Since 
operating conditions vary in some measure between fields, the well 
spacing for each field should be governed by the conditions surround- 
ing each particular situation. Because of the differences in operating 
characteristics and conditions that exist from field to field, and be- 
cause of the numerous factors which exert a bearing upon the deter- 
mination of the proper well spacing, there are probably few subjects 
requiring the attachment of as many qualifying statements to gen- 
eralizations on the subject as does the matter of well spacing. For 
these reasons the reader should bear in mind that the Study Group 
attempts here merely to outline in a general way some of the impor- 
tant considerations involved. 

It appears that the subject of well spacing falls into two major 
subdivisions, namely: (1) physical aspects; and (2) economic aspects. 
The following is a brief analysis of the subject under these subdivisions 
as applied to general conditions. 


PHYSICAL ASPECTS 
GEOLOGIC STRUCTURE 


The type of geologic structure determines the configuration or 
geometrical form of any field. There are four general geologic types of 
fields: anticlinal, domal (piercement and non-piercement), fault, and 
stratigraphic trap. In each type the productive section may form a 
single continuous reservoir, or it may be divided into more or less dis- 

1 This paper was written by a Study Group composed of the following members of 
the Houston Geological Society: Perry Olcott, group leader; I. I. Gardescu, R. J. 


Gonzalez, Ralph J. Schilthuis, G. W. Seren, Walter H. Spears, W. C. Thompson, and 
John M. Vetter. Reprinted by permission of the Houston Geological Society. 
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crete blocks or segments which may or may not have cojimon appar- 
ent gas-oil and water-oil levels. The geological type of structure and 
the various combinations of physical conditions involved with each 
type, such as the dip of the beds, structural relief, relative sizes of 
free-gas and oil-bearing sections, proportions of productive sections 
which are underlain by water and overlain by gas, et cefera, all have 
important bearing upon the problems of development, well completion 
practice, and operation. 


CHARACTERS OF RESERVOIR ROCK 


Natural oil and gas reservoirs are usually formed by rocks of three 
predominating types: sand or sandstone, limestone or dolomite, and 
altered igneous rock. Sand-type reservoirs are found as continuous 
blanket sands or as more or less limited sand bodies interbedded with 
lenses of shale or limestone. Reservoirs of limestone or dolomite or 
altered igneous rock may be regionally continuous or localized depend- 
ing on gradations in degree of porosity. The types of reservoirs display 
important differences in physical properties which exert material in- 
fluence upon their behavior. 


PHYSICAL PROPERTIES OF RESERVOIR AND CONTENTS 


The properties of a reservoir and its fluid content which have an 
influence upon development and operation are the continuity, uni- 
formity, thickness, porosity, and permeability of the reservoir rock; 
the connate water and oil saturations; the quantities of free and dis- 
solved gas associated with the oil; the apparent gas-oil and water-oil 
contacts; the depth and reservoir pressure; and the properties of the 
gas, oil, and water (such as composition, viscosity, and the interfacial 
properties displayed in conjunction with the reservoir rock). 


SOURCE OF RESERVOIR ENERGY 


The reservoir energy refers to the source and character of the 
forces which may be made operative to effect recovery of the oil and 
gas. Such forces include those supplied by water drive, the expansive 
force of both free and dissolved gas, the forces due to capillary and 
surface phenomena, and gravitational forces. The various forces may 
operate together in all manner of combinations depending on the 
properties of the system and the operating conditions imposed. 


FACTORS AFFECTING RECOVERY 


The factors affecting the yield or recovery per acre-foot of produc- 
tive formation may be divided into two groups: factors not subject to 
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control; factors subject to some degree of control through control of 
operating practices. 
The factors over which no control can be exercised include, 


I. 


nab WwW bd 


Physical properties of the reservoir, such as, 

a. Type of reservoir 

b. Structural form of the reservoir, involving the dip of beds, 
thickness of pay section, portions of oil-bearing section un- 
derlain by water and overlain by free gas, and faulting 

c. Degree of continuity and homogeneity 

d. Porosity, which fixes the space available for occupancy by 
oil and gas 

e. Permeability, which influences the relative saturations and 
distribution of connate water, oil, and gas and in turn largely 
determines the maximum limit of recovery 


. Initial reservoir pressure and temperature 

. Geologic conditions favorable or unfavorable to water drive 
. Presence or absence of original free-gas cap 

. Properties of reservoir fluids, such as, 


a. Composition of oil, gas, and water 

b. Viscosity of oil 

c. Quantity of dissolved gas and shrinkage of the oil upon re- 
lease of dissolved gas. 


Factors and conditions subject to some degree of control are, 


I. 


Development of field, 

a. Location of wells 

b. Well density 

c. Well completion practice, involving the proper penetration 
of the productive section, the choice and amount of section 
open to the well. 


. Control of production rate of the field as a whole, localized areas 


and individual wells, which influences, 

a. The effectiveness and efficiency of water drive by controlling 
the interplay of the frictional, capillary, and gravitational 
forces whose action determines the uniformity and complete- 
ness of the flushing action and the recovery. This point is of 
major importance, for most fields possess water drive to some 
extent. 

b. The conservation and utilization of both the free and dis- 
solved gas by controlling the aforementioned reservoir 
forces so as to maintain and promote segregation between the 
oil-producing section and both the original free gas and the 
gas released from solution during the course of production. 
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3. Control of free gas production and gas-oil ratios 
4. Control of water production. 


DISCUSSION OF PROPER WELL COMPLETION PRACTICE 


The proper completion of a well, aside from the purely mechanical 
problems involved, concerns the determination of the proper exte..+ of 
penetration of the productive section and the selection of the portion 
or portions that are to be left open to production. The solution of these 
problems depends largely on the structural form and properties of the 
reservoir, the structural position of the particular well in relation to 
the location of water and free gas, and the character of the predom- 
inating source of reservoir energy. Each field presents its own special 
problems and no fixed rules for broad application can be formulated. 
However, the following generalizations can be made. 

1. Ina reservoir which is fairly uniform in all directions and which 
possesses an active water drive, with or without an original free-gas 
cap, the wells should be completed in the upper portion of the oil-pro- 
ductive section, leaving ample room above the uppermost completion 
level for the expansion or formation of a free-gas cap that may neces- 
sarily take place during the course of production. Where water drive 
is or can be made the predominating source of reservoir energy, it is 
always best to control the operations in such manner that the water- 
drive will play the major réle, on account of its much greater effi- 
ciency in flushing out the oil and the attending higher recoveries 
obtainable. In any event, attention must be given to the relative rates 
of advance of the water drive and the enlargement of the gas cap in 
the location of the proper levels for completion of the wells. Such a 
plan will delay the appearance of water in the wells, most easily effect 
control of water production, and permit control of the free gas. 

2. Ina reservoir having no water drive and with or without an orig- 
inal gas cap, the wells should be completed in the lower portion of the 
oil-producing section. This will effect control of any free gas that may 
be present and will provide for maximum utilization of the energy of 
the dissolved gas by affording the best opportunity for it to form or 
collect in a free-gas cap as released by the decline in reservoir pressure 
which will occur during the course of the production operations. 

3. If the reservoir is non-uniform and the productive portion of the 
section is interbedded with substantially continuous bodies of shale, 
it might be found desirable, regardless of the character of the pre- 
dominating source of reservoir energy, to complete the wells in the 
lowermost portion of the productive section, subsequently recomplet- 
ing at successively higher levels upon depletion of the lower levels. 
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DISCUSSION OF RELATION BETWEEN WELL SPACING 
AND RECOVERY 

The literature contains a great many conflicting statements and 
conclusions regarding the effect of well spacing upon ultimate recov- 
ery. Much of this confusion of thought is caused by the complexity of 
the properties and behavior of oil reservoirs. Consideration of the 
foregoing outline of the factors affecting recovery makes it immedi- 
ately apparent that there exist a number of interrelated variables that 
are associated with the inherent properties of the reservoirs and their 
content which are known to exert considerable influence upon recov- 
ery. All of these various factors and their interrelation must be con- 
sidered in drawing any conclusions concerning the specific effect of 
any single one. This fact is significant in that it causes one to reflect 
upon the reliability of many of the earlier statements made concerning 
the effect of well spacing alone upon ultimate recovery, where this one 
variable was viewed without due consideration of the effects of dif- 
ferences between cases in the numerous other factors involved. 

There can be no doubt but that relative differences in well density 
between the several properties in a field profoundly influence the rela- 
tive recoveries obtained from the individual properties, under condi- 
tions where the well densities control the relative rates of withdrawal. 
Under such conditions of operation, field observations clearly estab- 
lish the fact that, other things being equal, the properties most densely 
drilled obtain the greatest relative share of the total field recovery. 
This result would normally be expected in any case where the wells 
draw upon a common reservoir, for if the wells provide the means 
by which any particular property may produce at a higher rate rela- 
tive to other similar properties in the field, it is obvious that such 
property will obtain the greater ultimate recovery proportionally. The 
field observations of the influence of well spacing upon the distribution 
of the field total ultimate recovery between the several properties 
have been interpreted by some to mean that well spacing exerts a 
similar effect upon the ultimate recovery from a field as a whole. It is 
clear that such conclusions are not supported by the observed results 
from which they are drawn, for actually the results simply serve to 
prove the importance of regional movement of oil between properties 
under the action of the differences in relative rates of withdrawal aris- 
ing from differences in well density. 

There is record of fields produced without restriction where it ap- 
pears that generally higher overall average recoveries were realized in 
fields more densely drilled. Casual analysis of the available informa- 
tion might lead one to conclude the characteristics of the fields and 
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conditions of operation in some cases were sufficiently similar that the 
differences in average yields were caused specifically by differences in 
well spacing. However, upon more careful analysis, considering the 
many factors affecting recovery, it becomes apparent that even within 
the general resemblance of some fields there usually exist important 
differences in their inherent properties and behavior which, quite aside 
from the matter of well spacing, fully account for the observed varia- 
tions in overall recovery between fields. The evidence indicates rather 
strongly that the fact that higher overall recoveries were jn some cases 
observed in fields more densely drilled is purely a coincident to eco- 
nomic circumstances accompanying the operations at the time, which 
naturally prompted the most dense drilling in the most prolific fields 
and areas. If all the facts surrounding the cases were known, it would 
probably be found that the real effect of well spacing alone on the over- 
all recovery was actually just the opposite of the apparent effect indi- 
cated by usual interpretation of the observed results without due con- 
sideration of the underlying basic causes. Thus, it is now known that, 
beyond certain reasonable limits, the more rapidly fields pre produced, 
other things being equal, the less efficient are the physical processes 
involved in oil recovery and accordingly the lower the acre-foot yields. 
With the wide-open conditions of operation under a many of the 
old fields were produced, the closer the well spacing the more rapidly 
the fields were depleted. Hence, it is likely that the specific influence of 
well spacing in those instances was to exert a secondary ‘effect tending 
to reduce the overall acre-foot yields, the closer the pacts: below 
those that would probably have been realized had wide} spacing been 
employed and the rates of production necessarily made ower. 

In the light of the present knowledge of the properties and be- 
havior of oil and gas reservoirs, it is believed that the fokowing general 
principles regarding the purely physical aspects of the problem of well 
spacing can safely be made. 

1. There are no physical boundaries to the ared that may be 
drained by a single well in a continuous reservoir, SS time, 
except those imposed by interfering wells or by the sfructural form, 
boundaries, or irregularities of the reservoir itself. 

2. Wells must be located properly with respect tq the structural 
form of the reservoir and the relative positions of th¢ oil-, gas-, and 
water-bearing sections. 

3. Where marked non-homogeneity or ct prevails or 
where the reservoir is in fact made up of a number of sgructurally sepa- 
rated components, a sufficient number of wells must > drilled so that 
each more or less discrete portion is penetrated. “es this case 
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occurs as the exception rather than the rule, and when existent it is 
readily recognizable during the course of production by marked irregu- 
larities in reservoir pressures. Furthermore, ordinarily the size of the 
separate components exceeds considerably the sizes equivalent to the 
widest well spacing commonly employed at the present time. 

4. In the ordinary case of a single interconnected reservoir, a lim- 
ited number of properly located wells, with reasonable control exer- 
cised over their rates of production, will suffice to obtain all of the oil 
that is practicably recoverable regardless of the type of reservoir 
energy predominating. 

5. As far as the purely physical aspects of the problem are con- 
cerned, the proper well spacing and the total number of wells to be 
drilled in any field should be determined by the anticipated required 
total rate of production from the field for the immediate future in con- 
junction with the maximum safe rate of production from the individ- 
ual wells permissible for prevention of coning and channeling of gas 
and water in the localized regions about the wells. 


ECONOMIC ASPECTS 


The competitive conditions surrounding the development of oil 
fields, growing out of the diversification of ownership and individual 
interests and particularly from regulation of production where the 
allowables of the various properties are determined largely by the 
relative well densities, cause the optimum well spacing from the point 
of view of some operators to depart considerably from that which 
would be dictated by the purely physical aspects of the situation. Thus 
in the final analysis, the well spacing is governed by an interplay of the 
physical conditions attached to the specific case and the broader 
economic considerations bearing upon the manner in which allowable 
production is distributed among competitive fields and among the 
several properties in a particular field. The assignment of allowable 
production substantially on a purely per-well basis often causes the 
economic considerations to dominate the picture and gives rise to un- 
warranted competition between both fields and operators, often result- 
ing in the drilling of a far greater number of wells than are physically 
necessary to recover all of the oil practicably recoverable from a reser- 
voir. Such conditions and operations are unsound from the standpoint 
of the efficient management of the industry as a whole, yet under the 
circumstances it may become economically desirable or necessary in a 
particular instance for many operators to depart from what would 
otherwise constitute a sound plan of development and follow the pace 
set by those who space their wells most closely. The extent to which 
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by drilling to a parity with competing properties depends of course 
upon such obvious other economic factors as well tosts, production 
costs, expected recoveries, and the price of crude. 


any operator can afford to protect his interests =f such conditions 


BIBLIOGRAPHICAL SUMMARY ON RESERVOIR 
BEHAVIOR (1931-1939)? 


To aid the reader in following the history of the development of 
thought on the subject of reservoir behavior and related topics such as 
well spacing, there is attached to this paper a bibliographical summary 
of the literature on the subject covering the developments during the 
period 1931-1939. This period carries particular iniportance, for the 
experience gained with operations at reduced production rates under 
proration and the development of techniques for making precise meas- 
urements of the properties and behavior of reservoirs, brought about a 
general recognition of the benefits of proper reservoir development and 
operation. Out of this there has emerged a gradual crystallization of 
ideas contributing to the knowledge of reservoir behavior and to the 
formulation of sound development and operating practices. 

The years following 1930 witnessed a number of important devel- 
opments contributing to the knowledge of the general subject of reser- 
voir behavior. Because of the extensive literature and numerous topics 
covered under the general subject, it is convenient to consider the 
various topics under separate headings. 


GAS ENERGY AND GAS-OIL RATIOS 


As a result of the stress laid by earlier workers on the ‘“‘energy loss” 
accompanying production with high gas-oil ratios, there arose a feel- 
ing that such losses could be minimized by proper design of tubing to 
give maximum lifting efficiency. Versluys (1)° presented a theoretical 
treatment of this problem in 1931; in the same year a treatment based 
on experimental data was contributed by Moore and Wilde (2). Ex- 
cept for unusual conditions, Moore and Schilthuis (3) showed that 
lifting efficiencies were high and that design of tubing to control gas- 
oil ratio was impractical. 

A very good discussion of the gas-oil ratio question was presented 
by Hayward (4) in 1932. He concluded that: first, when the rate of 
production is fixed, no alteration above the sand will change the ratio; 
second, when there is no free gas at the bottom-hole pressure, it is im- 
possible to control the ratio in any way; third, when free gas does exist 


2 Courtesy of Humble Oil and Refining Company. 
3 See list under “References.” 
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at the bottom-hole pressure, the ratio can vary with rate of produc- 
tion; a favorable rate of production may then give a rhinimum gas-oil 
ratio. 

Sullivan (5), in 1937, concluded that, while minimum gas-oil ratios 
could be obtained in flowing wells at certain production rates, this was 
only a transitory condition. With the lapse of time, the rate at which 
this minimum ratio occurred in any particular well gradually in- 
creased. Large gas-oil ratios might also be due to gas coning or to im- 
proper completion. 

Completion and repair practices to exclude free gas from the well 
have been discussed by Sawdon (6), Torrey (7), and others. Control of 
gas-oil ratios by exclusion of free gas has been facilitated, especially in 
fairly thin strata containing both oil and gas, by the increasing use of 
casing set through the producing formation (8), (9), (10). Production 
in such cases is ordinarily through gun-shot perforations (11) through 
the casing; if the gas-bearing stratum is tapped in such a case, cement 
is usually squeezed into the formation to effect a gas shut-off. 

Determining of the gas-oil contact by analysis of mud returns dur- 
ing drilling to expedite proper completion has been described by Mills 
(12) and by Sawdon (13). A method to the same end depending on 
temperature differences during well production, as determined by a 
temperature survey of the hole, was discussed by Gillingham and 
Seward (14). David (15) told of the use of drilling time to log known 
gas-bearing strata in proximity to the oil-bearing formation in a West 
Texas pool. 


BOTTOM-HOLE PRESSURE MEASUREMENTS AND APPLICATION 


The development of recording bottom-hole pressure gauges by 
several oil companies about 1930 (16), (17) led to more precise knowl- 
edge of underground conditions (18), (19), (20). 

Christie (21), from bottom-hole pressure measurements in the 
Hobbs field, correlated the field production rate with the reservoir 
pressure decline; he also presented (22) pressure data as evidence of 
well interference over great distances in the East Texas field. 

From pressure surveys in the East Texas field, Foran (23) noted 
the reservoir to be under active water drive. He found the pressure to 
be very “sensitive” to excessive drainage; the rapid pressure decline 
prior to proration showed that the water drive was unable to maintain 
pressure at high rates of withdrawal from the pool. 

An important advance was made in 1933, with the publication of a 
paper by Moore, Schilthuis, and Hurst (24). Their theoretical treat- 
ment made it possible for the effective permeability of the producing 


| 
| 


STUDY GROUP REPORTS 109 


formation to be computed from pressure and productibn data on flow 
tests. The “productivity index” and the “specific préductivity,” de- 
fined as the barrels of oil per pound pressure drop, and the same 
quantity per foot of sand respectively, were also introduced; these 
quantities afforded a sound basis of comparison of producing abilities 
of wells and properties. Haider (25) discussed the precautions to be 
observed in taking the field measurements employed \in these compu- 
tations. Millikan (26), Hawthorne (27),4 and Katz and Barlow (28) 
pointed out the fundamental importance of bottom-hcie pressures in 
reservoir control. 


PROPERTIES OF RESERVOIR FLUIDS 


Lindsly (29) published the results of a study of bottom-hole sam- 
ples of oil from the East Texas field in 1933 and described the sampling 
and testing technique used. In this work, he determined the saturation 
pressure of the reservoir oil to be less than the prevailing bottom-hole 
pressure of the field. A sampler described by Pym (30) in 1933 ap- 
pears to have antedated that designed by Lindsly by a short time; 
Pym also gave a description of testing procedure and results obtained. 
In a later work, Lindsly (31) discussed the shrinkage o/ reservoir oil on 
production from the reservoir and its implications in estimation of 
reserves and recovery. 

In 1935, Schilthuis (32) described an improved sampler and ap- 
paratus for determination of physical properties of samples, as well as 
the significance of the values so obtained. Jones (33) presented results 
of surface tension measurements of crude oils against their associated 
gases under reservoir conditions; values of interfacial tension between 
reservoir samples of oil and water, under reservoir conditions, were 
given by Hocott (34). 

In conjunction with a study of phase relations of hydrocarbon mix- 
tures, Sage, Lacey, and Schaafsma (35) presented data on the me- 
thane-propane system and inferred that the phenomenon observed, of 
liquid formation by pressure reduction on an isotherm, might account 
for the production of distillate from some fields. 

Although the retrograde phenomena for simple mixtures had been 
recognized since the latter part of the nineteenth century and had 
been treated extensively by Roozeboom (36) and others, the interpre- 
tation of phase relations of distillate production and of the state of 
fluids in the reservoir had not been considered from this viewpoint. 
The most important implication from this work was that a hydrocar- 


4 Hawthorne credits the first bottom-hole pressure measurement to J. T. Hayward 
ca, 1918. 
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bon system in a distillate reservoir existing as one phase under the 
original reservoir pressure might yield a two-phase system im situ on 
reduction of pressure. In such an event recovery of the liquid phase, 
which would contain the most desirable constituents, would be low or 
even nil. To prevent this separation of liquid in the reservoir, pressure 
maintenance by recycling of the dry gas from which the condensate 
has been extracted has been practiced (37). These and related prob- 
lems have been discussed by Katz and co-workers (38), (39), (40), Pat- 
ten and Ivy (41), Foran (42), and others. 


CONNATE WATER 


The generally accepted view until the latter part of this period, 
1931-1939, on the original distribution of water in the reservoir was 
that water and oil were separated sharply; this notion was revised by 
the recognition of the prevalence of ‘‘connate water” in oil-bearing 
rock. 

Although Fettke (43) had observed large quantities of water in 
Pennsylvania oil sands, he had ascribed its presence to contamination 
from drilling fluid. Lindtrop and Nikolaeff (44), in 1929, had recog- 
nized the probability of the occurrence of connate water in oil sands 
and the error in estimation of reserves occasioned by neglect of the 
fraction of pore volume occupied by this water. Versluys (45), in 1931, 
recognized that sand is preferentially wet by water, and postulated 
the existence of water in oil sands, the grains being either partially or 
completely surrounded by a water film (46). 

In a discussion of the geological factors influencing estimation of 
reserves in sand fields, Brace (47) pointed out that a saturation factor 
must be introduced to account for the volume of voids occupied by 
connate water, and cited evidence showing the presence of this water 
in cores taken from a producing field. The presence of this water, ac- 
cording to Brace, affected previous figures on reserves, making them 
substantially lower, and on recovery, making the latter higher than 
had been considered prior to this time. 

A very good review and discussion of capillary effects in the reser- 
voir was presented by Garrison (48) in 1935. Considering sands to be 
preferentially water-wet, he showed that water should be present to 
some extent in all oil sands connected with a water source; he also in- 
dicated a tentative relation of the distribution of water in the oil sand 
with height above the water table. According to his reasoning, fine 
sands should be flooded with encroaching water at low rates of flow 
more readily than should coarse sands. 

Pyle and Jones (49), in 1936, made quantitative determinations of 
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connate water in cores. using a tracer to detect and estimate contami- 
nation from drilling fluid. 

A paper presented by Schilthuis (50) in 1937 afforded positive 
proof of the presence of water in oil and gas sands. Analyses of cores 
cut with a nonaqueous drilling fluid showed the presence of connate 
water in appreciable amounts in sands which produced pipe-line oil. 
Schilthuis, as had Brace, pointed out the significance of this water in 
estimation of reserves and recovery. A correlation between connate 
water content and permeability of sands in some Texas fields was 
shown. Elaborations of core analysis technique and correlation were 
made by Pyle and Sherbourne (51) in 1938; these authors were also 
able to predict well productivities from their measurements. 


FLUID FLOW AND RESERVOIR MECHANICS 


Steady-state relations of fluid flow to a well, based on d’Arcy’s 
equation, were presented by Versluys (52) in 1930. In the same year, 
laboratory experiments on recovery of oil from sands by gas drive 
were described by Chalmers (53). Chalmers concluded that recovery 
varied directly with the density of the gas, though recovery also in- 
creased with increasing solubility of the gas in the oil. He also observed 
that the produced gas-oil ratio was lower for constant volume input of 
gas than for constant pressure input. 

Further work on fluid flow through porous media was done in 1931 
by Barb and Branson (54), who attempted to relate porosity and per- 
meability of sandstones, and by Muskat and Botset (55), who investi- 
gated the linear flow of gas through a porous medium. A paper by 
Wilde and Moore (56), in 1932, discussed the various factors entering 
into reservoir drainage and presented equations for the flow of homo- 
geneous fluids. A paper by Uren and Bradshaw (57) which appeared in 
the same year described experimental studies carried out in an ap- 
paratus designed to simulate an “elemental sector” radiating from a 
well bore. In these, pressure drop as a function of the radius was deter- 
mined for flow of live and dead oil through the element, and for flow of 
live oil from the closed system. In the latter case, decline curves for 
all different original pressures were found to be similar. Extrapolation 
of the experimentally determined pressure gradients indicated that, 
with all other factors equal, greater drainage radii would be expected 
at lower rates of flow. 

A major contribution to reservoir mechanics in the work previously 
cited by Moore, Schilthuis, and Hurst (24) was the development of 
an equation of flow in the unsteady state. It had been realized that 
steady-state flow in the reservoir did not occur ordinarily; this treat- 
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ment was accordingly directed toward the unsteady-state flow of a 
compressible fluid in a porous medium. The complete derivation was 
presented by Hurst (58) in 1934, as well as solutions for the cases of 
production from a well at constant pressure and at constant rate. 

A comprehensive study of the mechanics of water flooding based on 
electrolytic models was published by Wyckoff, Botset, and Muskat (59) 
in 1933. Muskat and Wyckoff (60) later presented an analytical treat- 
ment of water-flooding networks, verified by experimental work in- 
volving the use of their electrolytic models. A paper published in the 
following year by Versluys (61) discussed the mechanics of water drive 
in the steady state. 

Schilthuis and Hurst (62), in 1934, contributed an analytical treat- 
ment of the behavior of the East Texas field in which they showed that 
the water-drive mechanism conformed to conditions of unsteady flow 
and that expansion of the water in the Woodbine basin might account 
for the observed reservoir behavior. From their derived relation, it was 
possible to predict future pressures in the field under various produc- 
tion rates. 

Later in the same year a treatment of unsteady flow in porous 
media similar to that due to Hurst (58) was applied by Muskat (63) 
to the case of the East Texas field; solutions were presented for vary- 
ing reservoir pressures and rates of production with time. Muskat (64), 
in the same year, also developed an equation for linear, radial, and 
elliptical steady-state flow of oil through a porous medium under water 
drive. 

Hassler, Rice, and Leeman (65), in 1936, presented a particularly 
valuable contribution to knowledge of fluid flow. From an investiga- 
tion of the displacement of oil from consolidated sands by passage of a 
gas, they arrived at a relation between effective permeability of the 
system to gas and the oil saturation. It was shown that this was non- 
linear; the concept of relative permeability; that is, the effective per- 
meability divided by the permeability of the medium to a single phase 
was introduced. 

Similar relations for the simultaneous steady-state flow of water 
and gas through unconsolidated sands were published by Wyckoff and 
Botset (66) later in the same year. Their correlation showed that the 
permeability of the system to each component varied non-linearly 
with the saturation of that component in the sand; thus, in analogy to 
the results of Hassler e¢ a/., at high-water saturations the permeability 
to gas was reduced markedly. It was also observed that at water satu- 
rations below 10 to 15 per cent no further decrease in permeability to 
gas obtained; or, conversely, that 10 to 15 per cent water in the voids 
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did not decrease permeability materially from that of the dry sand. A 
numerical solution of the problem of linear drainage of a sand in a 
closed system containing two phases, based on these relations, was 
developed by Muskat and Meres (67). A compilation (68) of both the 
experimental and the theoretical work was later presented. 

One very important consequence of this work on drainage of a sand 
was that the saturation of liquid in the sand was found to be practi- 
cally constant throughout the system at depletion. 

With precise data available on the properties of reservoir fluids, 
attention was again turned to formulation of reservoir behavior along 
lines initiated by Coleman, Wilde, and Moore (69) in their material 
balance method. Katz (70), in 1935, modified this method by taking 
into account the deviations from perfect gas laws. 

Schilthuis (71), in the same year, also modified the Coleman, 
Wilde, and Moore equation by introduction of terms to include water 
encroachment and production, and by use of experimentally deter- 
mined relations of pressure and volume of the reservoir fluids. Compu- 
tation was simplified and it was possible to determine the apparent oil 
content of the reservoir (defined by the author as the “active oil’’), 
the effectiveness of natural water drive, and to predict future pressure- 
production relations for the reservoir. A method of estimation of re- 
serves based on the material balance method and using, as did Katz, 
experimentally determined phase equilibrium data, was given by Sage 
and Lacey (72) in 1937. 

An important work by Muskat (73), a volume dealing with all 
phases of flow of homogeneous fluids through porous media, was pub- 
lished in 1938. In the same year, a paper by Buckley (74) was pre- 
sented, giving a study of the East Texas field and mechanism of reser- 
voir behavior along lines initiated by Schilthuis and Hurst (62). 

A study of the decreased permeability to oil effected by the pres- 
ence of water in a sand was contributed by Dunlap (75) in 1938. In 
agreement with the analogous results of Hassler et al. (55) and of 
Wyckoff and Botset (66), it was found that the permeability to oil 
decreased markedly with increasing water saturation. The same “‘crit- 
ical saturation” of 10 to 15 per cent water was obtained as the limit- 
ing amount of water in the pore spaces which failed to debrease per- 
meability to oil. Leverett (76) in the following year extenddd this to a 
study of simultaneous flow of water and oil, and conclud that the 
relative permeability of either phase is primarily a function of the 
saturation, but is modified slightly by the interfacial tensiob, pore size 
of the sand, and rate of flow, and is independent of the vikcosities of 
the fluids. 
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Botset (77), in 1939, working with a consolidated sand, found that 
the relative permeability-saturation relations evolved in the earlier 
work of Wyckoff and Botset (66) for the fluid pair water-gas in uncon- 
solidated sands did not hold for this pair in his consolidated sand. The 
liquid saturation at a relative permeability to gas slightly less than 
unity appeared to be appreciably higher than for the corresponding 
case in unconsolidated sands; although the relative permeability-satu- 
ration curves were similar for the two cases, a marked displacement 
along the saturation axis was evident. 

FUNCTION AND CONTROL OF WATER—EFFECTS 
OF PRODUCTION PRACTICES 

The realization of the importance of a natural water drive in the 
function of a reservoir and of controlling such a drive to secure maxi- 
mum recovery is reflected in the large number of papers relating to this 
subject in this period. 

Wright (78), in 1930, cited data on several Oklahoma pools to 
show that controlled production in these cases, under natural water 
drive, was maintained far above values decreed by theoretical decline 
curves based on gas drive. Foran (79) and co-workers (80), (81), Hill 
(82) and German (83), emphasized the necessity for careful control of 
production rates to prevent excessive rates of encroachment and to 
utilize the natural water flood efficiently to secure maximum recovery. 
Power and Pishny (84), writing in the same year, concluded that ir- 
regular water encroachment is retarded and that recovery is increased 
by curtailed production under proration, except possibly in the case 
of edge wells. 

Snow (85), in 1932, compared water drives in some Oklahoma pools 
with that in the East Texas field and concluded that, with proper con- 
trol, recovery from the latter field should be high. This author, too, 
stressed the high recoveries made possible by water drive operating 
under efficient production practice. Reference has been made to 
studies of the East Texas reservoir (62), (63), (74); in these, it was 
shown that the maximum daily withdrawal for the field, to maintain 
the reservoir pressure substantially above the saturation pressure and 
to provide uniform and efficient flooding of the sand by water, was in 
the neighborhood of 400,000 barrels of stock-tank oil, assuming no 
water production. Since the withdrawal of either oil or water from the 
reservoir necessitated the entrance of an equal volume (as measured 
under reservoir conditions) of water from the Woodbine basin, the 
importance of minimizing water production was emphasized (74). 

Evidence of damage to oil sands in the Cotton Valley, Louisiana, 
field as the result of excessive production rates was presented by Ross 
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(86). Wells in this field which had been ruined by water| evidently 
from coning, were found to produce oil with very little ‘aa after 
standing abandoned for several years. 

Wilde (87), in 1932, and Wilde and Lahee (88), in ay following 
year, demonstrated quantitative effects of water coning arld by-pass- 
ing in laboratory models similar to that of Mills (89). Porter (go), in 
1933, reported water coning at Casmalia, California, which was al- 
leviated by a six-year shut-down. The length of time necessary for 
subsidence of the cone was explained by the high density of the oil— 
estimated at 11~-12° A.P.I. in the reservoir. 

Muskat and Wyckoff (91) presented an analytical treatment of the 
problem of water coning in 1935. From their study, they concluded 
that coning is promoted by high production rates, heading and inter- 
mittent flow; but that coning is greatly retarded by the presence of an 
impermeable lens or barrier below the well. Coning of gas was found to 
be analogous to that of water. 

The control of production rates was emphasized by Wilde and 
Moore (92) in 1938 to prevent coning and irregular encroachment. The 
deleterious effects of excessive production rates were reviewed; water 
shut-off was discussed at length. Miller and Miller (93), in the same 
year, presented a résumé of data and theory pertaining to water en- 
croachment in various fields, with particular reference to the rate of 
movement of natural floods. 

Moore (94), in a consideration of reservoir behavior, outlined the 
qualitative principles governing flow of the reservoir fluids and control 
of production to obtain maximum recovery. Proper completion prac- 
tices and low production rates were advocated to maintain reservoir 
pressure and segregation of gas, oil, and water. 

Brief reference to current completion practice has been made (8), 
(9), (10); the methods used for exclusion of gas from the well are used 
for the exclusion of water, the latter procedure being usually the more 
common of the two. Plugging back with cement (7), (95), (96) and 
squeezing (7), (97), (98) have been practiced successfully; perforated 
casing completions have been particularly effective in shutting off 
water successfully in fields with rising water “tables.” 

Several methods of excluding water by the formation of a “plug” 
within the water-bearing formation by chemical reaction have been 
advocated (99), (100), but are not in general use. 

Electrical logging (101), (102) has been widely utilized as a method 
of characterizing strata and as an aid in determining completion prac- 
tice, though such logs are not always reliable in determining fluid con- 
tacts or fluid contents. 
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WELL SPACING 

The trend of this period was toward wider spacing, which, with 
curtailed production rates, was generally endorsed as constituting an 
effective means of conservation. 

Suman (103), in 1931, advocated drilling of a minimal number of 
wells to delineate the reservoir, then drilling only enough wells to 
drain the property efficiently. Foran (79), (80) and co-authors also 
proposed wide spacing as leading to more efficient production. Papers 
by Wood (104), (105), in 1932, discussed the various factors entering 
into the general problem of well spacing and predicted that a better 
knowledge of the mechanism of flow and drainage would be necessary 
for a solution. In a later paper (106) this author estimated as a “‘fore- 
cast” that in a gas drive field, 70 per cent as much oil could be re- 
covered with a 4o-acre spacing as with a ro-acre spacing. This, how- 
ever, was pure conjecture. 

Close spacing was supported by Hayes (107), who cited recovery 
figures from the Santa Fe Springs, California, field. Using the familiar 
comparison of closely and widely spaced tracts of “identical” phys- 
ical properties, Hayes showed that closer spacing gave larger recover- 
ies in all the cases that he considered. The probable fallacies in such 
arguments have already been discussed. 

Evidence in favor of wide spacing was presented in a symposium 
led by Zorichak (108) in 1932 on spacing in Rocky Mountain fields. 
Well interference in the Greasewood, Colorado, field was particularly 
marked; the opinion was given that the prevailing 40-acre spacing was 
too close, and that one well to 80 acres would drain the pool efficiently. 
Wide spacing in the Jal (New Mexico), Dutton Creek (Wyoming), and 
Hogback (New Mexico) fields was held to be necessary to prevent 
excessive interference and water encroachment. It was shown that the 
expected ultimate recovery was not increased by the drilling of addi- 
tional wells in the Salt Creek and Rock River fields in Wyoming and 
in the Cat Creek field in Montana. Zorichak (109) also showed that 
delayed drilling in many fields yielded a large proportion of non-com- 
mercial producers, indicating that drainage by existing wells had been 
fairly complete. This was not true, of course, in fields containing iso- 
lated lenses not previously penetrated, but such fields were probably 
the exception. 

Such lenticular sands were characterized as a necessary hazard of 
the industry by ap Rhys-Pryce (110), who remarked that lenticules 
too small to be tapped by a moderate spacing were not worth drilling. 
In this publication, the author advocated wide spacing for water-drive 
fields and wider spacing than was then practiced for fields operating 
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under gas drive only, if, as remarked in the discussion following this 
paper, such gas-drive fields exist. 

That low well density increases ultimate recovery because of in- 
creased production efficiency was proposed by Suman (111) in a paper 
published in 1934. Views to the contrary seem to have been held by 
Gill (112). 

Geological factors entering into well spacing were cons{dered in a 
paper by Cheney (113), who discounted the idea of the prévalence of 
lenses, and said that wider spacing should be used in all qises where 
geological conditions permit. Cheney also cited cases of isq'2ted wells 
which have apparently drained extremely large areas an# were still 
flowing at the time of publication of his work. 

A disappointing well flowing only 125 barrels of oil per dé 
pleted at a depth of 3,900 feet in Stephens County, Texas, in Jur 
production seemed too small to encourage near-by drilling. T 
daily production during the first 10-year period has been but 
with a total yield of more than 325,000 barrels from a produ 
which commonly averages less than 3,000 barrels per acre. 
located in southeast Young County, Texas, completed at a d 
feet, from a Strawn sand, was still able in its eleventh year to fi 
per day against 125 pounds tubing pressure, in spite of its 
1,400,000 barrels. The Strawn sands of this district rarely yie 
10,000 barrels per acre. This well with initial yield of about 40 be 
was “pinched in” two weeks after completion to prevent wasta 
important factor usually neglected in by-gone years during wh 
rent spacing practices were adopted. Also, this well suffered n 
from near-by wells for more than 10 years. 

Wyckoff (114), considering the effects of physical char 
sands on reservoir behavior, concluded that recovery is re 
meability of the reservoir rock. In connection with th 
nature of sands to well spacing, it may be mentioned What Fettke 
(115), in 1934, had pointed out heterogeneities of sand in t§* Bradford 
pool, previously considered from its behavior to be extrefi 
geneous. Discontinuities in limestone reservoirs were latq’ shown to 
exist by Wilder (116), who emphasized the difficulties att§'nding well 
spacing in some pools of this nature. 

Citing figures on the Oklahoma City fields, Shaw (1%7) claimed 
higher recovery for close spacing and rapid production rat ; rapid de- 
pletion of the field was supposed to prevent water encroacliment with 
its consequent flooding of wells. 

Kraus (118), writing in 1938, concurred with the views expressed 
earlier by Cheney (113) and by ap Rhys-Pryce (110) that lenses and 
“broken sands” occurring in oil pools are rare and commonly imagi- 
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In a consideration of the spacing problem in gas fields, McRoberts 
(119) deduced the recovery to be practically independent of spacing. 
He computed the recovery in an 11,060-acre field to be only 1.08 per 
cent greater from 11,060 wells than from a single well. 

A résumé of well spacing was given by Foley (120) in 1938; this 
author recommended wide spacing, particularly in fields under water 
drive. As a procedure for determining spacing, he suggested drilling a 
few wells for a structural reconnaisance, producing these at low rates 
to determine characteristics of water drive, then drilling only as many 
wells in the field as consistent with the most efficient withdrawal rate 
from the individual wells and from the field. By such a procedure the 
production from the field could be maintained at a rate not in excess of 
the rate of encroachment of a natural water flood. Moore, in a paper 
cited previously (94), urged wide spacing as an essential part of orderly 
field development. 

An important advance in well spacing in gas-drive fields was 
marked by the publication of a paper by Muskat (121) in 1939. Basing 
his deductions on previously mentioned studies (66), (67), (68) of the 
relation of fluid saturation to effective permeabilities, Muskat con- 
cluded that in a uniform reservoir a single well would effect uniformly 
complete drainage of the entire reservoir if given sufficient time; he 
said, however, 

The economic phase of the question obviously enters into the problem 
raised in the attainment of such an ultimate depletion, since it involves the 
production from the reservoir during its history at extremely low rates. 

Although the general case of radial drainage of fluids to wells has 
not been developed, it was shown that the physical ultimate recovery 
is independent of the number of wells for both the general case and for 
the particular case of linear drainage in a column of sand of uniform 
cross section producing from varying numbers of points. Variations in 
the latter system with time were characterized fairly completely. 

By the introduction of a limiting minimal production rate of the 
individual well representing the economic limit of production, the 
author was able to construct curves showing the relation between the 
number of wells and ultimate recovery for various values of a dimen- 
sionless term which was directly proportional to the liquid viscosity, 
length of system, and minimal production rate, and inversely propor- 
tional to the sand permeability. The higher the value of this dimen- 
sionless term, the lower was the recovery for a given number of wells. 

From such plots, Muskat concluded that for permeable sands little 
additional recovery would be gained by close spacing; for very tight 
sands spacing should be closer to obtain appreciable recoveries before 
individual well productions drop below the economic limit. 
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GEOLOGICAL NOTES 


VIOLA WELL CORE FROM SOUTH DAKOTA! 


CHARLES E. DECKER? 
Norman, Oklahoma 

Some months ago, at the request of O. A. Seager of the Carter Oil 
Company, B. B. Bradish sent the writer a small piece of core from 
Billings, Montana, stating that it was from a deep well north of the 
Black Hills. Because of the graptolites in the core, information that 
it represented the equivalent of a zone 150 feet above the base of the 
Viola limestone on West Spring Creek in the western part of the Ar- 
buckle Mountains was sent at once. Recently, O. A. Seager wrote that 
the core came from a depth of 7,727—30 feet (with graptolites at 7,728 
feet) in a well in Sec. 35, T. 18 N., R. 1 E., north of the Black Hills in 
South Dakota. The graptolites come from the base of a limestone 
which has a thickness of 487 feet, extending from 7,240 to 7,727 feet. 
Beneath the limestone there is a zone of green sandy shale. 

On the surface of the 2-inch core, large parts of about a dozen 
rhabdosomes, or stipes, occur with numerous other fragments of 
graptolites. These include two species, small parts of another genus, 
several siculae and many small parts of rhabdosomes too fragmental 
for identification. 

The forms include the following: 


Diplograptus (Amplexograplus) amplexicaulis (Hall) 

Climacograptus typicalis Hall crassimarginalis Ruedemann and Decker 
Callograptus sp. 

Siculae 

Numerous fragments 


Some of the siculae and some of the thecae on the fragments of 
rhabdosomes have been flattened and spread out so that they simulate 
a crowded assemblage of seed-like structures. Brief descriptions are 
given for each of the two species without going into the details of 
classification. 


Diplograptus (Amplexograptus) amplexicaulis (Hall) 
Figures 1a, b, c 
Hall’s* brief original description is as follows: ‘Stipes slender, lin- 
ear, elongated, surrounded by small sheathing folioles or scales, giving 
it a serrated appearance; folioles small acute.” 


1 Manuscript received, November 13, 1941. 
2 Professor of paleontology, University of Oklahoma. 


3 James Hall, “Fossils of the Trenton Limestone,” Paleontology of New York. 
1847, Vol. 1, p. 79, Figs. 11a, b. 
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The following may be added to this short description. Rhabdo- 
somes elongate with a length up to 37 mm. for an incomplete specimen 
in the Viola limestone, 45 mm. in the Trenton limestone of New York, 
while fragments in the core reach a length of 31 mm. The width in 
mature forms may reach 4 mm. Those in the core have a width of 2.75 
mm. When not too extremely compressed the rhabodsomes are char- 


Pirate I 
Figures 1a, b, c, Diplograptus (Amplexograptus) amplexicaulis (Hall); 2a, b, c, d, 
Climacograptus typicalis Hall crassimarginalis Ruedemann and Decker; 3a, b, c, Callo- 
graptus sp.; 4a, b, c, Siculae. All are magnified X4. (Figures are tracings from camera 
lucida drawings by the writer with a Parkes-Lapworth graptolite microscope. The shad- 
ing is with ink from a Chinese ink stick.) 


acteristically convex on one side and concave on the other side, as 
illustrated by Ruedemann‘ in “Graptolites of New York.” Ruede- 
mann gives a list of eight references in the synonymy. He describes 
and illustrates the species by excellent, enlarged drawings. Figures 302, 
303, 304, and 306 show the characteristics of the species exceedingly 
well, and in Figure 307 he has reproduced Hall’s original drawings. 

Thecae are elongate, tubular, and have a length of 2 mm., being 4 
or 5 times longer than wide. The overlap is 0.5-0.75 of their length 
and the edge of some of the apertures is extended into a sharp point. 
The angle of their inclination is 30°-40°, and they occur 13-14 in 10 
mm. Because of the width of this species up to 4 mm., its rhabdosomes 
are relatively large. 


4 Rudolf Ruedemann, “Graptolites of New York, Part 2, Graptolites of the Higher 
Beds,” Paleontology of New York Memoir 11 (1908), pp. 361-65, Figs. 302-07. 
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The stratigraphic occurrence of the species here summarized is in 
the lower part of the Viola limestone at two localities in the Arbuckle 
Mountains of Oklahoma, in the Trenton of northern New York, and 
at the base of the 487-foot limestone north of the Black Hills in South 
Dakota. 


Climacograptus typicalis Hall crassimarginalis 
Ruedemann and Decker 
Figures 2a, b, c, d 

As no specific description was included by Ruedemann and Decker,® 
the form is described here. 

Rhabdosomes, large, reaching a length of 30 mm. or more and a 
width of 2.25 mm. Thecae have the double bend characteristic of the 
genus, and spines occur both at the lower edge of the aperture and at 
the outer median position where they bend upward. These latter 
median spines are the most significant, and the varietal name is given 
because of them. Their development and significance are discussed in 
the foregoing reference. Thecae occur 11-12 in 1o mm. 

This variety occurs widespread in the lower part of the Viola lime- 
stone in the Arbuckle Mountains of Oklahoma and is the same as the 
one found in the well in Sec. 35, T. 18 N., R. 1 E., in the Black Hills of 
South Dakota. 

Callograptus sp. 
Figures 3a, b, c 

Several fragments of graptolites in the core have relatively large 
barrel-like thecae similar to those illustrated by Ruedemann® on Cal- 
lograptus staufferi and C. antigua both from the Upper Cambrian. 
However, the fragments are far too small to assign them to any spe- 
cies. 

Siculae 
Figures 4a, b, c 

A number of siculae are preserved on the core and three of these 
are shown. 

Some stratigraphic considerations are noteworthy. The 487 feet 
of limestone in South Dakota is a little less than the average thickness 
of the Viola limestone of Oklahoma which in the Arbuckle Mountains 
varies from less than 300 feet to 927 feet. The green sandy shale be- 
neath the limestone in South Dakota has its possible counterpart in 

5 Rudolf Ruedemann and Charles E. Decker, “The Graptolites of the Viola Lime- 


stone,” Jour. Paleon., Vol. 8 (1934), pp. 322-23. 


6 Rudolf Ruedemann, “The Cambrian of the Upper Mississippi bryan 4 Part 3, 
Graptiloidea,” Bull. Public Museum of Milwaukee (1933), Pl. 30, Figs. 6 and 8 
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several horizons in the Simpson group beneath the Viola limestone in 
Oklahoma. 

Both species of graptolites on the core here described occur to- 
gether, 150 feet above the base of the Viola limestone in its thickest 
section of 927 feet on West Spring Creek in the western part of the 
Arbuckle Mountains. They occur together also on the south side of 
the mountains on the West Branch of Sycamore Creek about 100 feet 
above the base of the Viola limestone where it has a thickness of 685 
feet. Of the two species, Climacograptus is much more common, and it 
occurs in the lower part of the Viola limestone in most of the sections 
measured by the writer.’ 


“ORTIZ SANDSTONE” AND “GUARUMEN SAND- 
STONE GROUP” OF NORTH-CENTRAL VENEZUELA! 


M. KAMEN-KAYE? 
Caracas, Venezuela 


Nomenclature of ‘Ortiz sandstone.’’—The name “Ortiz sandstone” 
is given by Liddle? in the following statement. 

Name.—In north-central Venezuela Lower and Middle Eocene beds 
which to the west are included in the Misoa-Trujillo formation, are called the 
Ortiz sandstone from the village of Ortiz in the Serrania del Interior in the 
northern part of the State of Gudrico. The formation outcrops in the rugged 
sandstone hills to the south of the type locality and from this place extends 
east and west. 


The town of Ortiz is thus the type locality for the “Ortiz sand- 
stone.” Actually, field study shows that, apart from the Ortiz sand- 
stone itself, many of the outcrops nearest the town of Ortiz are dark 
shales and quartzitic flags. This dark shale facies is involved in struc- 
tures whose nature suggests a cycle of pressure anterior to the cycle of 
pressure which deformed the main mass of sandstone south of Ortiz. 
Part of the dark shale outcrop is of proved Upper Cretaceous age on 
the basis of ammonites, molluscs, and foraminifers. The remainder of 
the shale may represent Paleocene deposition. Certainly there is a 
lithological similarity between some of the flaggy members near Ortiz 


7 Charles E. Decker, “Viola Limestone primarily of Arbuckle and Wichita Moun- 
tain Regions, Oklahoma,” Bull. Amer. Assoc. Petrol. Geol., Vol. 17, No. 12 (December, 


1933), PP. 1420-31. 


1 Manuscript received, October 27, 1941. Published by permission of the Caracas 
Petroleum Corporation. 


2 Caracas Petroleum Corporation. 
3 Ralph Alexander Liddle, The Geology of Venezuela and Trinidad (1928), p. 208. 
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and beds which contain Paleocene type molluscs farther north in the 
foothill section. The dark shale facies may therefore well represent 
both Upper Cretaceous and Paleocene deposition. The structures 
typical of this facies are extremely complicated in detail. The beds of 
dark shale facies are brought to the surface repeatedly in minor 
folds with both vertical and overturned limbs. The type sandstone 
nearest Ortiz occurs both north and south of the town closely asso- 
ciated with buckled strata of the dark shale facies. In view of struc- 
tural complications within the dark shales, contacts are difficult to 
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interpret even where found in the field. In the absence of decisive 
paleontological data, two explanations are possible. 1. The Ortiz sand- 
stone of the type area is a post-Paleocene development unconformable 
upon or drop-faulted into the Cretaceous-Paleocene dark shale facies 
which crops out in the type locality together with the sandstone. 2. 
The Ortiz sandstone of the type area represents a cycle of deposition 
distinct from the dark shale facies, but still within the Cretaceous- 
Paleocene time divisions. 

Figure 2 illustrates in cross section the position of the type Ortiz 
sandstone relative to Ortiz and to the Cretaceous-Paleocene dark 
shale facies. Drop-faulted boundaries of the type Ortiz sandstone are 
shown for reference. Figure 2 also shows that the Upper Cretaceous 
member of the dark shale facies is dropped by a thrust fault to let in 
a minimum of 2,000 feet of sandstone. The Upper Cretaceous member 
is buried at successively greater depths southward although it is re- 


; 
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peatedly raised on the upthrown side of successive faults toward the 


south. 
From the foregoing, it may be seen that the Ortiz sandstone of the 


type locality is: 
(1) associated intricately in outcrop with beds of Upper Cretaceous 
age and probably with beds of Paleocene age; 


Fic. 2 


(2) perhaps itself post-Paleocene in age, but still to be proved as 
not belonging to the Cretaceous or Paleocene cycles of deposition. 

Contrasting with these conditions, a broad zone of sandstones ap- 
pears south of the outcrops of the type Ortiz sandstone which itself is: 

(3) not associated in outcrop with Cretaceous-Paleocene deposits; 

(4) relatively simple in structural framework; 

(5) regional in extent and major thickness; 

(6) probably post-Paleocene in age from the evidence obtained to 
date. 

It is proposed that this latter mass of sandstone (associated silts and 
clay shales) be called the ‘“Guarumen Sandstone group.” 

The Guarumen Sandstone group is named for the Rio Guarumen,' 
east-southeast of Ortiz. From source to mouth, this stream flows in 
sediments of the Guarumen Sandstone group. Figure 1 shows the 
course of the Rio Guarumen and its geographical relationship to the 
towns of Ortiz and Barbacoas. Figure 1 also shows width of outcrop of 
the Guarumen Sandstone group. 


DESCRIPTION OF GUARUMEN SANDSTONE GROUP 


The sandstone members of the Guarumen Sandstone group make 
up perhaps only a fifth of the entire outcrop of the group. The sand- 
stones are, however, very distinctive in the field and invaluable for 


4 Possibly related to, or derived from, the word “Guarumo.” The Guarumo (or 
yagrumo) is a type of cecropia tree. The cecropia, it is interesting to note, has a prefer- 
ence for sandy soil. 
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tracing individual strike lines of considerable length. The finer sand- 
stones fracture characteristically along three axes perpendicular to 
each other. This produces flaggy and block members which give char- 
acteristic scarps even where the outcrop feature is only a few feet high. 
The coarser sandstone members fracture more irregularly and pro- 
duce boulder surfaces on weathering. Individual outcrops of these 
coarser members may be difficult to interpret, but like the finer mem- 
bers they give valuable and extensive strike information. Many of the 
sandstones are ripple-marked, this being one of the outstanding cri- 
teria for recognizing the group easily in the field. The wide-amplitude 
ripple marks of the sandstone members may measure as much as 10 
centimeters from peak to peak. The narrow-amplitude ripple marks 
are about 5 centimeters from peak to peak. 

The sandstones are pure quartz media for the most part, colorless 
silica cement being commonly in optical continuity with the quartz 
grains. The grade of the quartz grains varies from small pebble size 
downward. Weathering produces ferruginous substitution of the ce- 
ment so that the field appearance of the sandstones is usually brown 
where unbroken. Meteoric agencies which deposit the ferruginous ma- 
terial may derive the material originally from the outcrops themselves 
and merely redeposit it. The main type of coloration is limonitic in 
character but here and there strong oxidation brings hematitic red 
into local phases of the sandstone. 

Feldspar is commonly suspected in hand specimens of the sand- 
stones, but the feldspar is usually weathered into kaolinitic material. 
Microscopic examination shows that the original feldspar may be 
either orthoclase or plagioclase in type.® 

The heavy minerals® of the Guarumen Sandstone group form a re- 
stricted suite and are almost constant throughout the cross section 
shown in Figure 2 as well as in areas along the strike from this cross 
section. The constituents are mainly zircon, rutile, tourmaline, and 
garnet. Anatase appears in places, chloritoid very rarely. 

The organic remains found to date in sandstone members of the 
Guarumen group are mainly plant débris and a few leaf remains. The 
writer believes that species of Cassia and Longifolia may be present 
among these leaves but no expert opinion has been received on this 
identification. Occasionally, the environment of sandstone deposition 
was modified sufficiently to allow lignites and woody coals to form. 

Apart from the sandstone members of the Guarumen group, there 


5 Report by J. C. Griffiths. 


6 V. C. Illing, M. Kamen-Kaye; recently by J. C. Griffiths in more detail. Private 
report. 


3 
‘ 


130 GEOLOGICAL NOTES 


are silts, clay shales, and in places pure clays. Iron compounds pro- 
duce red coloration in the clays while other chemical additions are 
attested by the common occurrence of gypsum and jarosite. 

Molluscan fossils appear in the clays and clay shales but none has 
been identified. Apparently, genera of the families Arcidae, Tellinidae, 
and Ledidae occur, but in very fragile condition. 

The Foraminifera, like the heavy minerals, display a very re-, 
stricted assembly in samples of fresh material.? Forty such samples 


Fic. 3 


showed only the arenaceous genera Ammobaculites, Trochammina, 
Haplophragmoides, and a miliolid. These particular arenaceous forms 
appear to be governed more by facies condition than by position in 
the stratigraphic column. Therefore, without supporting evidence 
from other kinds of fossils or without more diagnostic Foraminifera 
than these, the evidence should be set aside for the present with the 
object of keeping the stratigraphic record clear. 

Extent.—Figure 3 indicates the extent of the outcrop of the Guaru- 
men Sandstone group in north-central Venezuela. The boundaries are 
drawn and interpreted largely from the writer’s own observations but 
part of the information is from other geologists.* For the purposes of 
this account, the town of San Carlos is selected as the western limit 
of north-central Venezuela. The eastern limit of the Guarumen Sand- 
stone group is taken as the Venezuelan coast line slightly west of 
Piritu. In general, the northern boundary of the sandstone is the main 
thrust fault which drops Cretaceous-Paleocene strata below the sur- 
face. This thrust fault displays marked dislocations which suggest 
that it may have been broken by later movements. Alternatively, the 
thrust fault may have given way under contemporaneous pressure 
from different directions. Aside from this main thrust fault, Figure 
2 shows that the Guarumen Sandstone group is broken within itself. 


7 Report by H. H. Renz; opinions by M. Kamen-Kaye. 


8 J. Evanoff, east of Ortiz; K. F. Dallmus, west of Piritu. Dallmus in Boletin de 
Geologia y Mineria, Tomo 2. Caracas (1938). 
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In addition, there is evidence along the regional outcrop that contacts 
with younger sediments are fault contacts. Much work remains to be 
done on these contacts; for which reason, the southern boundary of 
the group is shown as a continuous line in Figure 3. 

Age.—About 10 kilometers north of Ortiz, small outcrops of “green- 
stone” are found, evidently the weathered product of basic igneous 
material. These are probably apophyses of an igneous source below 
surface, possibly connected with igneous foci of larger proportions 
farther north. All these igneous foci are intrusive into the dark shale 
facies although metamorphism of the surrounding sediments is in 
many places negligible. Evidently, the dark shale facies was the last 
group of sediments in the State of Gudrico to be intruded by igneous 
rocks. Thus we find no evidence of igneous intrusion in the succeeding 
Guarumen Sandstone group. If the dark shale facies extends into 
Paleocene time, the Guarumen Sandstone group is almost certainly 
post-Paleocene in age. In addition, the stratigraphic position of the 
group is indicated by orbitoidal reef limestones associated with it. 

The orbitoidal limestones appear under the main thrust near Alta- 
gracia de Orituco and also under the thrust near the Caribbean coast 
west of Piritu (see asterisks in Figure 3). The orbitoids are lepidocy- 
cline in type and most probably upper Eocene in age. Possibly they 
extend into lowest Oligocene time. The writer’s examination of the 
structures in which the orbitoidal limestones are involved has been 
only cursory. However, it is believed that the limestone lies near the 
base of the exposed Guarumen Sandstone group. This suggests that 
the Guarumen group extends well up into the Oligocene. In consider- 
ing whether the group may also reach into Miocene time, the thick- 
ness of the section should be taken into account. The thickness of 
9,000 feet illustrated in section AB (Fig. 2), measured in north-central 
Venezuela, is actually a relatively shallow sector of the main East 
Venezuelan geosyncline. Its position is high on the geosynclinal pitch 
and may represent a time interval equivalent to a much greater thick- 
ness of beds for an equal time interval in eastern Venezuela. In view of 
this fact, the writer is inclined to extend the time interval covered by 
the Guarumen Sandstone group into lower Miocene time. The Guaru- 
men Sandstone group may thus be equivalent to upper Eocene, Oli- 
gocene, and lower Miocene times combined. 

The problem of lower and middle Eocene times in relation to the 
group is left an entirely open question by the writer for the present. 
The Guarumen Sandstone group lies on the southern margin of strata 
that have undergone intense orogenic movement. Emergence during 
large parts of Eocene time may be a necessary theory to outline the 


4 
: 
| 
| : 
} 
| 


132 GEOLOGICAL NOTES 


history of the main orogenic belt; but it can not as yet be proved 
essential for the Guarumen Sandstone group. The movements that 
folded and fractured the group itself may not have begun until Oli- 
gocene time. 

Consequent on the ideas here outlined, the writer suggests that the 
Guarumen Sandstone group is either equivalent to, or includes, the 
Merecure, Carapita, and lower Santa Ines formations of the type Rio 
Querecual section of northeastern Venezuela.? 

Geological history. —The simplicity of the heavy-mineral content of 
the Guarumen Sandstone group suggests that the group was derived 
from a pre-existing sediment. The writer does not believe the pre-ex- 
isting sediment could have been either Cretaceous or Paleocene be- 
cause both those systems display a notable rarity of detrital garnet 
wherever their residues have been examined in north-central Venezue- 
la. In contrast, the Guarumen Sandstone group is notably consistent 
in garnet, although the mineral is present only in small percentage. 
There may have been pre-Cretaceous land masses in the north which 
could have contributed to the sediments when Guarumen deposition 
began but the writer believes that an important part of Guarumen 
provenance should be looked for in a sedimentary source on the south. 
The most feasible source which presents itself in this connection is the 
ferruginous quartzite which occurs as outcrop remnants. These rem- 
nants lie both north and south of the Rio Orinoco, where they rest di- 
rectly on the Guayana igneous complex. Low-grade metamorphism 
has occurred in places within the quartzite and may well have supplied 
the small but persistent amounts of detrital garnet now found in the 
Guarumen Sandstone group. The writer therefore imagines that ex- 
tensive outcrops of ferruginous quartzite stretched back southward 
from the southern shore of Guarumen seas. Possibly, when Guarumen 
deposition was initiated, the south shore of Guarumen seas stood more 
than 100 kilometers north of its present position. The thickness of the 
quartzite mass which yielded material for Guarumen deposition may 
not have been great but may instead have been of very large geo- 


graphical extent. Gradually, through considerable periods of geologi- ° 


cal time, the quartzite would have been cut back continuously to the 
south. Despite this cutting back and despite the supposedly moderate 
thickness of the quartzite, it seems that erosion rarely laid open the 
gneiss-granitoid floor on which the quartzite rested. 

Finally, the simplicity of the Guarumen Sandstone group mineral 
residues throws some light on events farther north during Tertiary 


®°H. D. Hedberg, “Stratigraphy of the Rio Querecual Section of Northeastern 
Venezuela,” Bull. Geol. Soc. America, Vol. 48 (December, 1937). 
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time. It suggests that the main cataclysms which threw up the coastal 
schistose masses did not attain importance until middle Miocene time. 


McLOUTH GAS AND OIL FIELD, JEFFERSON AND 
LEAVENWORTH COUNTIES, KANSAS! 


WALLACE LEE? 
Washington, D. C. 


The McLouth gas and oil field is located on the outskirts of the 
village of McLouth in the Forest City basin of northeastern Kansas 
about midway between Kansas City and Topeka and 15 miles north 
of Lawrence. The producing area is in Ts. 9 and 10 S., R. 20 E. The 
initial well was drilled in November, 1939, on the McLouth anticline 
mapped by Huntsman Haworth and C. B. Taylor, consulting geolo- 
gists of Wichita, Kansas. As described in a recent report,’ the surface 
rocks are mainly members of the Lecompton limestone of late Penn- 
sylvanian age but are partly covered by glacial drift. The anticline 
trends northeastward and the surface rocks have a closure of less than 
20 feet; the area of maximum closure is about 2 miles long and 1 mile 
wide. The McLouth anticline is on the southwest flank of a broad 
northwesterly plunging anticline that is structurally open toward the 
southeast as mapped on the surface rocks. 

The closure of the McLouth anticline increases with depth and in 
deeper rocks the position of the structural crest shifts toward the 
south. A fault that has not been observed at the surface breaks pre- 
Pennsylvanian rocks on the south flank of the McLouth anticline. 

Three gas- or oil-producing zones have been discovered. Most of 
the gas is obtained at an average depth of 1,450-feet from the McLouth 
sand at the base of the Pennsylvanian. Five wells produce oil from this 
zone. The McLouth sand is variable in permeability and is lacking in 
porosity in some structurally favorable areas. The weathered and 
porous top of the Mississippian rocks yields gas in some wells at an 
average depth of 1,500 feet. This zone is locally saturated with oil but 
no oil has yet been produced from it. The lowest producing zone is a 
porous dolomite in the undifferentiated Burlington and Keokuk lime- 
stones from 125 to 150 feet below the top of the Mississippian; this 
zone has yielded oil in four wells. 


1 Manuscript received December 8, 1941. Published by permission of the director 
of the Geological Survey, United States Department of the Interior, and the director 
of the Kansas Geological Survey. 

2 Geologist, Geological Survey, United States Department of the Interior. 

3 Wallace Lee, “Preliminary Report on the McLouth Gas and Oil Field, Jefferson 
and Leavenworth Counties, Kansas,” Kansas Geol. Survey Bull. 38, Part 1 (1941), pp. 
261-84. 
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Production of gas from the Pennsylvanian sand extends far out- 
side the area of closure of the McLouth anticline, and it is apparent 
that gas production is more closely related to the permeability of the 
sand than to the geologic structure of the McLouth anticline. The re- 
lation to the larger northwesterly plunging anticline may be impor- 
tant, however, for all the producing wells to date are on its flank or 
crest. None of the wells drilled beyond the limits of the larger struc- 
ture has produced any gas or oil, but water has been encountered 
where the sand is porous. 

Production of oil from the Mississippian rocks is confined to a small 
area in which the occurrence of oil in a regionally porous dolomite 
zone appears to be controlled by structure. 

On November 31, 1941, 39 gas wells had been drilled in the Mc- 
Louth field. The aggregate initial open flow from these wells was 291 
million cubic feet per day. The production of individual wells varies 
from a quarter of a million to 19 million cubic feet per day. The total 
aggregate initial production from the oil wells did not exceed 450 bar- 
rels per day of oil of 24°-25° Bé. 

The developments of September, October, and November, 1941, 
have extended the producing area from the immediate environs of the 
McLouth anticline north to the crest of the larger anticline. As drill- 
ing has spread out from the original area, there has been a considera- 
ble increase in the number of dry holes. Several dry holes were well 
located structurally but the McLouth sand was impervious either 
because of a high clay content or because of the presence of tar in the 
interstices of the sandstone. 

The erratic distribution of production from the McLouth sand is 
indicated by the following recent developments. An oil well gauged 
at 75 barrels of oil per day has been drilled 3 miles north of the Mc- 
Louth anticline on the crest of the larger anticline. It is 13 miles north 
from the largest gas well in the field and reached the sand at almost 
the same altitude. Midway between these wells a third well found the 
sand at a structurally favorable elevation, but the sand contained clay 
and was unproductive. 

A deep well (Apperson’s Bower No. 1, SE. 4, SE. 3, NE. } of Sec. 
5, T. 10 S., R. 20 E.) was drilled in November on the crest of the Mc- 
Louth anticline as registered on the Mississippian rocks. A cavernous 
core was taken in the oil zone of the Burlington and Keokuk dolomite, 
and traces of oil were encountered in porous dolomite of the lower 
Mississippian dolomite. Oil-saturated dolomite was encountered in the 
upper part of the Devonian (Hunton) but the rock lacked sufficient 
porosity to provide a reservoir. The showings of oil in the Devonian 
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suggested that the source beds of the oil might lie below the top of the 
Devonian. The basal Devonian, however, consisted of water-bearing 
dolomitic sandstone resting on 7 feet of Maquoketa (Sylvan) shale. 
No indication of oil was noted in the Kimmswick dolomite. Slight 
traces of tar were found in the cuttings from the top of the St. Peter 
sand and also from the top of the very dolomitic Roubidoux sand. The 
cuttings from both the St. Peter and Roubidoux sandstones, however, 
were unstained by oil, and the formations carried water. Drilling 
stopped in the Roubidoux sandstone. 
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REVIEWS AND NEW PUBLICATIONS 


* Subjects indicated by asterisk are in the Association library, and available, for 
loan, to members and associates. 


DEVELOPMENTS IN THE AMERICAN PETROLEUM 
INDUSTRY, 1914-1919, BY H. C. FOWLER 


REVIEW BY H. B. GOODRICH! 
Tulsa, Oklahoma 


“Developments in the American Petroleum Industry, 1914-1919: Explora- 
tion, Drilling, Production, and Transportation (A Review and Digest),”’ 
by H. C. Fowler. U. S. Bur. Mines Inf. Cir. 7171 (June, 1941). 85 pp., 
mimeographed. 


This paper by the senior petroleum engineer of the United States Bureau 
of Mines, is one of the series prepared by that Bureau at the request of the 
Energy Resources Committee of the National Resources Board. Within 75 
mimeograph pages, plus 10 pages of a comprehensive bibliography, is con- 
densed just about all that was known to the oil producer at the time of World 
War No. 1. Through it the layman reader, who may know nothing about oil, 
will be introduced to a sympathetic understanding of the many problems that 
have confronted the well driller and operator. On the other hand, the man who 
in the past has stained his clothes with oil, has owned a gusher, or pumped a 
“stripper’’ well, will recognize the outstanding personalities named in these 
pages. And such an oldtimer will take pleasure in recalling the incidents of that 
hectic period, 1914 to 1919, and the events before it, all of which led to the 
modern streamlined oil-field efficiency. In this publication we have a history 
of the vital growth of the oil industry, a new-born infant at the time of our 
Civil War, a dependable support of the Allies in the First World War. The 
author states that the capital invested in American oil in 1914 was about one- 
half billion dollars, that in 1940 petroleum in the United States was a 14}- 
billion-dollar industry. And so, like the mythological Atlas, Oil bears the 
world on its shoulders in this time of another conflict. 

Mr. Fowler is an especially well qualified historian. His entrance into the 
petroleum engineering profession coincided with this period which he reviews. 
For a long time he has been an authoritative contributor to various phases of 
the industry. In his introductory chapter, he mentions some of the difficulties 
facing the conscientious historian, such as the risk of ‘‘assuming that the 
written statements of one or a few so-called authorities represent the sum of 
knowledge in a given subject.”’ And again, he comments on the danger of rely- 
ing upon “‘picturesque anecdotes” and the “‘fables of good story tellers.” How- 
ever, he does appreciate the real literary value of de facto stories, et cetera, 
when so used as to bring out the interrelationship of the evolution of oiland 
the achievements of science in meeting the demands of changing, growing 
civilization. Other technical treatises have too often been obliged to by-pass 
the human interest element. 


1 Consulting geologist, 1628 South Cincinnati Avenue. Manuscript received, No- 
vember 19, 1941. 


136 


o 
| 
j 
| 
| 
} 
| 


REVIEWS AND NEW PUBLICATIONS 137 


In the chapter, “‘Background,” Mr. Fowler uses some rather vague phrase- 
ology regarding the ‘difference between the psychogenesis of human mass 
reactions and the evolution of scientific physical expressions. .. .’’ But his 
thought is true: that the upward trend of oil production technique had begun 
before the World War, and would have occurred even had we not entered 
that first war. In the concluding paragraph it is said that a mental awakening 
was taking place between 1914 and 1919. It was just before this time that 
the United States Bureau of Mines, which was organized in 1910, began its 
constructive labors. In their earlier stages these are described in pages 13 to 
19, together with the foresighted program of the California State Mining 
Bureau, and the accomplishments of the pioneer petroleum engineers in Cali- 
fornia. The industry had indeed been aroused to the necessity of protecting 
underground the exhaustible supplies of oil and natural gas. Conservation be- 
came the watchword. The science of petroleum engineering began, and pe- 
troleum technology courses began to be offered in universities, in the 5-year 
period from 1914 to 1919. 

In a necessarily abbreviated form the Information Circular’s chapters out- 
line exploration and drilling methods in various districts, the shutting-off of 
intruding water, the shooting of wells, pumping, repressuring, water-flooding 
recovery, et cetera. Also included are essential operating problems such as the 
estimation of recoverable reserves in petroleum reservoirs, the spacing of wells, 
unit operation. Special subjects which had been recognized before the period 
under consideration, but only became of general importance after 1919, re- 
ceive brief mention. Among these are “‘crooked holes,” acidization of wells to 
increase productivity (dating back to 1896), geophysics, and the subject 
which has lately become popular, geochemistry. 

Some readers may wish that, in the text, under “Exploration,” more 
space might have been given to geology. In a discussion of part of ““Transpor- 
tation,” the author regrets that adequate space could not be allotted. Be that 
as it may, the student will find in the 194 reference items (which include also 
five bibliographies totaling more than 10,000 items) sufficient supporting 
documentary evidence. 

Keeping in mind the author’s objection to setting down definite date lines 
in history, let us examine and, with interpolations, trace the evolution of one 
of his historic pictures. 

The earliest publication mentioned in the bibliography appeared in the 
year 1846. It described the invention of Fauvelle, in 1833; an hydraulic 
method of drilling wells for artesian water. This was the predecessor of the 
rotary rig which, as the author shows, was used to drill for water in the un- 
consolidated formations of the Gulf Coast as early as 1880. He might have 
added that a deep well was drilled with rotary rig, for water on Galveston 
Island, Texas, in 1892. Further a toy-like rotary drilled the famous Lucas 
gusher at Spindletop, Texas, in January, 1901. This was the well that revolu- 
tionized the oil business in the Southwest, and incidentally helped to interest 
the petroleum geologist in salt-dome geology. Later, the rotary was adopted 
(against opposition) in California. To meet deeper drilling and more difficult 
underground conditions there, improvements were introduced—heavier 
machinery and casing. Then, later still, the mighty rotary, with the rock bit 
(which was invented in 1908) and all other efficiency gadgets, was returned 
into the Mid-Continent, It succeeded in replacing the cable-tool method in 
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much of the hard-rock country some years after the 1914-19 period, al- 
though unpublished documents will show that as early as 1906 the rotary had 
been tried locally in Indian Territory wildcatting. 

As quoted by Mr. Fowler, a writer at the time of the Drake Memorial 
celebration in 1934 said: “‘Profit is the spearhead of the oil tradition from the 
Drake well (of 1859) to East Texas,” and “The patterns remain the same, only 
the actors change.” Even if they were in no respect altruistic, still the tech- 
nologist and the petroleum geologist were on hand and ready to start when 
the time should be right. Even before the Drake well they were here. 

In the foregoing, attention has been called to difficulties under which a 
historian writes. This history is based on published matter, carefully analyzed 
and presented for the reader’s own appraisement. But it should be recalled 
that, up to 25 years ago, comparatively little was published on the scientific 
part of oil finding. Certain phases of oil occurrences had been discussed at 
length. However, reports of individual geologists (often unknown soldiers) 
generally remained hidden away in private files. Sometimes hints of discover- 
ies of fields or principles may have emerged. In this connection, there are two 
witnesses who perhaps do not give a bright enough view of the geologist’s 
standing prior to 1914. One of these refers to the geologist as a “lone voice” 
among the skeptical, so-called practical, oil men. No question as to the early 
prejudice against which the scientist had to work; but at least locally this was 
being eliminated by reason of his achievements as of 1913. Another reference, 
on page 24, concerns a gentleman who has been prominent in the oil business 
ever since he played a part in the discovery of the Healdton, Oklahoma, field. 
He has respect for the geologist. The present reviewer can not understand 
what Fowler means by: “‘. . . view preceded by at least one and possibly two 
decades common opinion in 1916.”’ How that date applies is vague. The fact 
is that Healdton was discovered in 1913, without the direct aid of geology. 
However, about 8 miles north of Healdton, oil and gas had been discovered on 
the basis of geology in 1905, and six years before Healdton, Ardmore (in 1907) 
had been supplied with gas from wells of that earlier discovery. In other words, 
there was near-by production, and reasons to believe in a “‘petroliferous pro- 
vince” south of the Arbuckle Mountains were present before the courageous 
wildcatters opened Healdton. Although some of the major oil companies had 
had scouting and geologic reports because of that earlier development, history 
shows that psychologically the oil fraternity was not prepared to develop in 
the redbeds country. Before Healdton (in 1913), the “spearhead of profit” 
incentive was absent. 

On page 31 an error occurs which Mr. Fowler has personally recognized. 
The cost of a certain well there given as ‘‘total cost,’’ $50,000, should be 
changed. From other sources, this present reviewer understands that the total 
cost of that well completed to 7,248 feet was $100,516. 


RECENT PUBLICATIONS 
ARIZONA 


*“Ancient Peneplanations of Grand Canyon Region,” by Charles Keyes. 
Pan-Amer. Geol., Vol. 76, No. 4 (Des Moines, Iowa, November, 1941), pp. 
275-98; 4 figs. 
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ASIA 


*“Geological Observations in the Lebanon Mountains of Western Asia,” 
by H. E. Vokes. Bull. Geol. Soc. America, Vol. 52, No. 11 (419 West 117th 
Street, New York, November 1, 1941), pp. 1715-32; 3 figs. 


CALIFORNIA 


*Wasco Oil Field,” by Wm. C. Bailey. California Oil Fields, Vol. 24, No. 
3 (January-March, 1939; published November, 1941), pp. 66-71; 3 pls. 

*“North Belridge Oil Field,” by Wm. C. Bailey. Jbid., pp. 72-77; 3 pls. 

*Williamson Area of the Lost Hills Oil Field,” by R. N. Ayars. Jbid., pp. 
78-90; 4 pls. 

*“Geology and Development [of the Paloma Field],” by James T. Wood. 
Oil and Gas Jour., Vol. 40, No. 27 (Tulsa, November 13, 1941), p. 40, with 
stratigraphic section. Digest of paper given before Petroleum Division of 
Amer. Inst. Min. Met. Eng., Los Angeles, California, October 29-30. 

*“Development of Del Valle Oil Field,” by D. H. Sheldon and R. E. 
Havenstrite. /bid., pp. 43-44, with stratigraphic section. 


ENGLAND 


*“Further Observations on the Lower Cretaceous Rocks of Lincolnshire,” 
by H. H. Swinnerton. Proc. Geologists’ Assoc., Vol. 52, Pt. 3 (London, October 
10, 1941), pp. 198-207; 2 figs. 

*“The Chalk Zones of Offaster pilula and Actinocamax quadratus,” by 
C. T. A. Gaster. Ibid., pp. 210-15. 

*“The Lower Carboniferous Calcareous Algae Mitcheldeania Wethered 
and Garwoodia, gen. nov.,” by Alan Wood. Jbid., pp. 216-26; 3 pls. 

*“The Gastropods of the Purbeck Beds,” by William Joscelyn Arkell. 
Quar. Jour. Geol. Soc. London, Vol. 97, Pt. 1, No. 385 (London, September 30, 
1941), pp. 79-128; 2 tables, 64 figs. of fossils. 


GENERAL 


*Annotated Bibliography of Economic Geology for 1940, Vol. 13, No. 2 
(October, 1941). 337 pp. Petroleum and natural gas, pp. 245-69 (Ref. Nos. 
651-826). Published by Economic Geology Publishing Company, Urbana, 
Illinois. Price, $5.00, annual subscription. 

*“Cenozoic and Paleozoic Oil from Sandstones,”’ by Stanley C. Herold. 
Canadian Oil and Gas, Vol. 2, No. 4 (Toronto, October, 1941), p. 10. 

*“Petroleum Dynamics of the War,” by Basil B. Zavoico. Jbid., pp. 
13-16. 

*“Critical Review of Methods for the Determination of the Porosity, 
Permeability and Saturation of Core Samples,” by M. D. Taylor. Oil and Gas 
Jour., Vol. 40, No. 28 (Tulsa, November 20, 1941), pp. 40-41, 57. 

*“Chemical Treatment of Bentonitic Suspensions and the Relationship to 
the Heaving-Shale Problem,” by H. H. Power and Charles R. Houssiere, Jr. 
Petrol. Technology, Vol. 4, No. 6 (New York, November, 1941). 16 pp., 8 figs. 
Amer. Inst. Min. Met. Eng. Tech. Pub. 14o1. 

*“Tncreased Exploration Required by Declining Discovery Rate,” by W. 
V. Howard. Oil and Gas Jour., Vol. 40, No. 29 (Tulsa, November 27, 1941), 
Pp. 26-67, 42; 2 tables, 2 figures. 

*Annual Reviews of Petroleum Technology, Vol. 6 (covering 1940), edited 
by F. H. Garner. 318 pp. The first five articles are the following. 
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“Petroleum Geology,” by A. I. Levorsen, pp. 1-5. 
“Regional Geology and Development in the United States,” by W. A. 
Ver Wiebe, pp. 6-17. 
. “Drilling and Development in the U.S.A. Fields,” by M. T. Archer and 
L. S. Dawson, pp. 18-53; 20 figs. 
“Production Engineering,” pp. 54-68. 
“Production,” by L. W. Storms, Jr., pp. 69-87. 


KANSAS 
*“Western and Central Kansas,” compiled by Oil and Gas Jour., Vol. 40, 
No. 30 (Tulsa, December 4, 1941). 2 pp. between pp. 48 and 49; sketch map 


and stratigraphic logs in colors. 
*“Outlines of Kansas Geology,” by Charles Keyes. Pan-Amer. Geclogist, 


Vol. 76, No. 5 (Des Moines, Iowa, December, 1941), pp. 343-68; 1 fig. One 
chapter of a series. 
MISSISSIPPI 
*“Warren County Mineral Resources,’ by Frederic Francis Mellen, 
Thomas Edwin McCutcheon, and Malcolm Rogers Livington. Mississippi 
Geol. Survey Bull. 43 (University, 1941), 140 pp., 12 figs., 7 pls., 4 histograms. 


NEW MEXICO 
*“Farth Resistivity as Applied to Problems of Exploration in the Potash- 
Bearing Region near Carlsbad, New Mexico,” by H. Cecil Spicer. Amer. Inst. 
Min. Met. Eng. Mining Technolegy, Vol. 5, No. 6 (212 York Street, York, 
Pennsylvania, November, 1941). 10 pp., 7 figs. A.J.M.E. Tech. Pub. 1354. 


OKLAHOMA 
*“Possibilities of Secondary Recovery for the Oklahoma City Wilcox 
Sand,” by Donald L. Katz. Petrol. Technology, Vol. 4, No. 6 (New York, No- 
vember, 1941). 22 pp., 15 figs., 13 tables. Amer. Inst. Min. Met. Eng. Tech. Pub. 


1400. 
*“Analyses of Crude Oils from Some Fields of Oklahoma. II. Southern 


Oklahoma,” by E. L. Garton. U.S. Bur. Mines R. I. 3592 (October, 1941). 27 
multigraphed pp., 4 figs. 
TEXAS 
*“North Section Permian Basin-West Texas,’ compiled by Oil and Gas 
Jour., Vol. 40, No. 28 (Tulsa, November 20, 1941). 2 pp. between pp. 52 and 
53; sketch map and log section in colors. 


UTAH 

*“The Mammalian Faunas of the Paleocene of Central Utah, with Notes 

on the Geology,” by C. Lewis Gazin. Proc. U. S. Nat. Museum, Vol. 91, No. 
3121 (Washington, 1941). 53 pp., 29 figs., 2 pls. 


ASSOCIATION DIVISION OF PALEONTOLOGY AND MINERALOGY 
*Journal of Sedimentary Petrology (Tulsa, Oklahoma), Vol. 11, No. 3 
(December, 1941). 
“The Nature and Origin of Layers of Fine-Textured Material in Sand 
Dunes,” by H. J. Lutz. 
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“Surficial Deposits of the Deserts of Syria, Trans-Jordan, Iraq, and 
Western Iran,” by E. C. Dapples. 

“Hornblende and Magnetite Heavies in the Ellensburg of Central Wash- 
ington,” by Howard A. Coombs. 

“‘A Method for the Determination of the Relative Radioactivity of Min- 
eral Grains,” by S. A. Tyler and J. J. Marais. 

“Corrigenda for ‘Measurement and Geological Significance of Shape and 
Roundness of Sedimentary Particles’,” by W. C. Krumbein. 
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FRANK B. NoTEsTEIN (1943) C. E. YAGER (1943) 


COMMITTEE FOR PUBLICATION 
R. E. RETTGER (1942), chairman, Sun Oil Company, Dallas, Texas 


1942 1943 1944 

CHARLES G. CARLSON B. W. BLANPIED ALFreD H. BELL 
James TERRY Duce H. E. CHRIsTENSEN Joun W. INKSTER 
Corteman D. HuntTER Max L. KRvuEGER Rosert N. 
Lewis W. MacNauGHTon Jep B. MaEsrus Hans G. KuGLER 
CaRLETON D. SPEED, JR. Kart A. MyGpDAL Jerry B. NEwBy 
James L. Tatum O. A. SEAGER Paut H. PrRIcE 
H. WItcox L. W. Storm J. D. THompson 


H. V. TyGREtTT Henry N. ToLer 
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RESEARCH COMMITTEE 


A. I. LEvorsEN (1942), chairman, 221 Woodward Boulevard, Tulsa, Oklahoma 
M. G. CHENEY (1942), vice-chairman, Coleman, Texas 


1942 1943 1944 


N. Woop Bass Ro F, BEERS BEn B. Cox 
RONALD K. DEForD LESLIE C. CASE GEorRGE C. GESTER 
WintHrop P. HAyNEs Hotuts D. HEDBERG W. S. W. KEw 


D. Perry 
WENDELL P. RAND 
F. W. ROLSHAUSEN 
F. M. Van 
Paut WEAVER 


Tuomas C. HIEsTAND 
Joun M. Hitts 
C. KruMBEIN 
F. B. PLuMMER 

W. H. TWENHOFEL 
THERON WASSON 


GEOLOGIC NAMES AND CORRELATIONS COMMITTEE 

Joun G. BARTRAM (1942), chairman, Stanolind Oil and Gas Company, Tulsa, Oklahoma 
1942 1943 1944 
Joun E. ApAMs ANTHONY FOLGER Monroe G. CHENEY 
Kipp BENJAMIN F, Rosert H. Dott 
D. Miser RosBeErRT M. KLEINPELL Wayne V. JONES 
Raymonp C. Moore Norman D. NEWELL W. ARMSTRONG PRICE 
C#arLEs W. TOMLINSON Horace D. THOMAS 
WarreEN B. WEEKS 


Ross L. HEATON 
BELA HUBBARD 
B. 
T. E. WErRIcH 


SUB-COMMITTEE ON CARBONIFEROUS 
M. G. CHENEY (1942), chairman, Coleman, Texas 
1942 1943 1944 
RaymonpD C. Moore BENJAMIN F. HAKE RosBert H. Dott 
Norman D. NEWELL Horace D. THomas 
CHARLES W. ToMLINSON 


SUB-COMMITTEE ON TERTIARY 
W. ARMSTRONG PRICE (1944), chairman, Box 1860, Corpus Christi, Texas 
Tuomas L. BAILEY Wayne V. JONES Watson H. Monroe 
Jutius B. GARRETT Gentry Kipp E. A. MurcHISON, JR. 
Henry V. HowE Tom WarrEN B. WEEKS 
COMMITTEE ON APPLICATIONS OF GEOLOGY 


Paut WEAVER (1944), chairman, Gulf Oil Corporation, Houston, Texas 
Henry C. Cortes (1944), vice-chairman, geophysics, Dallas, Texas 
CarEy CRONEIS (1943), vice-chairman, paleontology, Chicago, Illinois 


1942 1943 1944 
LuTHER E. KENNEDY R. M. BARNES GeorcE S. BUCHANAN 
CHALMER J. Roy Carrot E. DosBin WEsLEy G. GIsH 
Ear A. TRAGER H. S. McQuEEN KENNETH K. LANDES 


B. B. WEATHERBY 


SPECIAL COMMITTEES 
COMMITTEE ON COLLEGE CURRICULA IN GEOLOGY 
FrEDERIC H. LAHEE, chairman, Sun Oil Company, Dallas, Texas 


L. T. BARROW 
WALTER R. BERGER 
Hat P. ByBEE 

Ira H. CRAM 


WINTHROP P. HAYNES 
K. K. LANDES 

Henry A. Ley 

Joun T. LonsDALE 


Joun D. Marr 


E. K. SopER 
W. T. Tuo, Jr. 


NATIONAL SERVICE COMMITTEE 


Fritz L. AurInN, chairman, Southland Royalty Company, Fort Worth, Texas 
Frank A. Morcan_B. B. WEATHERBY 


BEN C. BELT 


EuGENE HOLMAN 


W. E. WRATHER 
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Courtesy of Denver and Rio Grande Western Railroad 


View in Glenwood Canyon, near Glenwood Springs, Colorado, showing in the foreground Cambrian quartzite, Or- 
dovician dolomite, and kind of busses that will carry A.A.P.G. members on the western slope excursion following the 
annual meeting at Denver. This excursion, under the direction of J. W. Vanderwilt, chief geologist of the Climax Molybdenum 


Company, will traverse areas of maximum geologic, physiographic, scenic, and historical interest. 


| 
21-24, 1942 
TWENTY-SEVENTH ANNUAL MEETING, DENVER, 
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Courtesy of Denver and Rio Grande West-rn Railroad 


Another view of Glenwood Canyon showing pre-Cambrian gneiss, Sawatch quartzite (Cambrian), Manitou dolomite (Or- 
dovician), Devonian dolomite, and Leadville limestone (Mississippian). 
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AT HOME AND ABROAD 


CURRENT NEWS AND PERSONAL ITEMS OF THE PROFESSION 


Joun R. LEwis may be addressed in care of Stanolind Oil and Gas Com- 
pany, Box 996, Ellinwood, Kansas. 


J. K. RoceErs, of the Arkansas Fuel Oil Company, has been transferred 
from Houston to the San Antonio branch. His office is at 1704 Milam Building. 


Dovctas Fyre, formerly of Los Angeles, California, may be addressed at 
Arefiales 1423, Lima, Peru. 


Aviation Cadet James McNas, B.O.Q., France Field, Canal Zone, is now 
on active duty after having completed the course in aerial photography at the 
Air Corps Technical School, Lowry Field, Colorado. 


Harry W. BE Lt of Shreveport, Louisiana, has resigned his position as en- 
gineer for the Rodessa Field Operators’ Committee to accept appointment as 
director of the Minerals Division of the Louisiana State Department of Con- 
servation. Bell was director of the Division in 1925. His new address is oth 
Floor, Capitol Building, Baton Rouge, Louisiana. 


J. M. Frost, III, is associated with his father, J. M. Frost, JRr., dealing in 
oil properties in general, at 803 Mellie Esperson Building, Houston, Texas. 


E. L. DEGOLYER has been awarded the John Fritz medal sponsored by 
the four Founder Engineering societies, in recognition of his pioneer work in 
the application of geophysical methods to the exploration for petroleum. 


Sam Aronson, who has been with the Atlantic Refining Company since 
1920, has resigned to operate independently with headquarters at 1108 Mag- 
nolia Building, Dallas, Texas. 


Max W. BALL, consulting geologist and engineer, and Abasand Oils Lim- 
ited have offices in the Credit Foncier Building, Edmonton, Alberta, Canada. 


Epwarp C. Cram, recently with the Socony-Vacuum Oil Company at 
Caracas, Venezuela, is in the employ of the Magnolia Petroleum Company, 
Shreveport, Louisiana. 


S. H. Knicut, head of the department of geology at the University of 
Wyoming, recently presented “The Physical Evolution of the Rocky Moun- 
tains” in a chalk-talk lecture before the geological societies at Tulsa, Wichita, 
Oklahoma City, Fort Worth, and Shreveport. 


Guten M. Rusy, consulting geologist of Los Angeles, California, is com- 
mencing a geological survey of Chile for the Government of that country. He 
expects to be away from the United States possibly six months. 


Davip M. Evans has been advanced to be district geological engineer for 
the Honolulu Oil Corporation at Brownsfield, Texas. 


Lieutenant RoBert B. Wrn6, recently with the Shell Oil Company, Inc., 
may be addressed at the Reception Center, Fort Bliss, Texas. 
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Rosert W. Kring, of the Sinclair-Prairie Oil Company, has been trans- 
ferred from Parkersburg, West Virginia, to Box 991, Seminole, Oklahoma. 


E. E. LINDEBLAD, formerly in the Continental Building at Denver, Colo- 
rado, may be addressed at Continental Oil Company, in care of the Geological 
Department at Midland, Texas. 


Harve Loomis was the speaker at the December 1 meeting of the Rocky 
Mountain Association of Petroleum Geologists, Denver, Colorado. His talk 
on “A Geologist’s Travels in Patagonia, New Guinea, and Java,” was illus- 
trated by movies. 


WILLIAM Lynn KREIDLER, Tide Water Associated Oil Company, has been 
transferred from Houston, Texas, to the Giddens-Lane Building, Shreveport, 
Louisiana. 


Following a year’s service with the United States Army, J. W. LEA is con- 
nected with the Sun Oil Company as micropaleontologist. He may be ad- 
dressed at 3440 Milton Avenue, Dallas, Texas. 


LESTER NEWHOUSE, of New York City, is now with the United States 
Engineer Office, A.P.O. 805, St. Lucia, British West Indies. 


E. T. Nicuots has changed his address from Riverside, California, to 
The California Company, Canal Bank Building, New Orleans, Louisiana. 


GEorGE L. RICHARDS, JR., of Shell Oil Company, Inc., has moved from 
San Antonio, Texas, to Ventura, California. 


LAWRENCE A. GOEBEL, formerly with The Northwest Company, Inc., 
Weyburn, Saskatchewan, may be addressed in care of The Carter Oil Com- 
pany, P. O. Box 949, Decatur, Illinois. 


Epcar Bow tes has left the Geological Survey of Alabama and may be 
reached at 5000 Massachusetts Avenue, Washington, D. C. 


Officers of the Shawnee Geological Society, Shawnee, Oklahoma, elected 
for 1942 are as follows: president, ROBERT L. CAssINGHAM, Amerada Petro- 
leum Corporation; vice-president, U. R. LAvEs, consulting geologist, Aldridge 
Hotel; and secretary-treasurer, MARTYNA GARRISON, Amerada Petroleum 
Corporation, all of Shawnee. 


The Oklahoma City Geological Society meetings each month consist of 
a technical program, subject to call by the program committee, and are held 
at the Oklahoma City University, Twenty-fourth Street and Blackwelder. 
Luncheons are held every Thursday at twelve o’clock at the Skirvin Hotel 
Coffee Shop. 


Joun O. Bower, of the Texas Petroleum Company, has moved from New 
York City to Apartado Postal 877, Bogota, Colombia, South America. 


R. V. WHETSEL has moved from the Tampico Texas Petroleum Corpora- 
tion, San Antonio, Texas, to 60 Wall Street, New York City. 


Cart B. RicHarpson, of the Barnsdall Oil Company, gave a paper on 
“A Comparative Study of the Origin and Distribution of the Gulf Coast 
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Tertiary Sediments” before the South Louisiana Geological Society, Lake 
Charles, in November. 


Sam H. Sriru, Jr., recently with the Kentucky State Department of 
Mines and Minerals, Lexington, has joined the Sun Oil Company and is sta- 
tioned at Evansville, Indiana. 


Lieutenant Louis DE Goks has finished his flying schooling and has been 
assigned to the ferry command. Mail may be addressed to 4661 Pickford 
Street, Los Angeles, California. 


New officers of the Kansas Geological Society, at Wichita, are: president, 
GrorcE D. Putnam, Lario Oil and Gas Company; vice-president, WILLIAM 
C. Imst, Stanolind Oil and Gas Company; secretary-treasurer, Z. E. Stucky, 
Cities Service Oil Company. 


The Dallas Petroleum Geologists have elected new officers as follows: 
president, James A. Lewis, Core Laboratories; vice-president, C. C. ALBRIT- 
TON, Southern Methodist University; secretary-treasurer, BARNEY E. FISHER, 
Coronado Corporation. 


FRANK J. GARDNER spoke on “Proration Trends for the Future in Texas,” 
before the Houston Geological Society, December 4. 


Wiu1am J. Hitseweck, geologist with the Gulf Oil Corporation, Fort 
Worth, Texas, talked about “The Walnut Bend Pool of Northeastern Cooke 
County, Texas,” at a recent meeting of the Fort Worth Geological Society. 


W. O. THompson spoke on “Permian Correlations in Colorado and New 
Mexico” at a meeting of the Rocky Mountain Association of Petroleum 
Geologists at Denver, Colorado, on December 15. 


STANLEY B. WHITE was the speaker at the December 15 meeting of the 
Tulsa Geological Society, Tulsa, Oklahoma. His subject was “The Davenport 
Pool, Lincoln County, Oklahoma.” 


Newly elected officers of the Appalachian Geological Society are: presi- 
dent, CHARLES BREWER, Godfrey L. Cabot, Inc., Charleston, West Virginia; 
vice-presidents, H. J. WAGNER, Public Service Commission of West Virginia, 
Charleston, West Virginia; RatpH N. Tuomas, Inland Gas Company, Ash- 
land, Kentucky; Joun V. GoopMaAn, Pittsburgh-West Virginia Gas Company, 
Pittsburgh, Pennsylvania; secretary-treasurer, R. S. HyDE, West Virginia 
Gas Corporation, Charleston, West Virginia; editor, RoBert C. LAFFERTY, 
Owens, Libbey-Owens Gas Department, Charleston, West Virginia. 


The Ardmore Geological Society elected the following officers for 1942: 
president, Paut L. Bartram, Phillips Petroleum Company; vice-president, 
GrorcEe C. HoLiincswortH, 603 D Street, N.W.; secretary-treasurers, 
FRANK NEIGHBOR, Sinclair-Prairie Oil Company; C. E. Hannum, The Texas 
Company, all of Ardmore, Oklahoma. 


CHARLES G. SPENCER, formerly with the Colombian Petroleum Company, 
Cucuta, Colombia, is with The Texas Company (Venezuela) Ltd., Apartado 
No. 78, Ciudad Bolivar, Venezuela. 
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F. L. Fournter has been transferred from the Standard Oil Company of 
Egypt to the International Petroleum Company, Ltd., Guayaquil, Ecuador. 


W. I. Incuam, who has been doing surface geologic reconnaissance for the 
Gulf Oil Corporation during the past 3 years, has been transferred to Indian- 
apolis, Indiana, for an assignment of subsurface geology for the Gulf Refining 
Company. 

W. C. KrumBeEtn, of the department of geology of the University of Chi- 
cago, may be addressed in care of the department of mechanical engineering, 
University of California, Berkeley, California. 


R. A. STEINMAYER, of the department of Geology of Tulane University, 
New Orleans, Louisiana, was given the 1941 Civic Award by the New Orleans 
Association of Commerce. Steinmayer is vice-president of the New Orleans 
Geological Society, vice-president of the New Orleans Academy of Sciences, 
and a member of the board of directors of the Louisiana Engineering Society. 


Putte M. KonKEL, of The Ohio Oil Company, has been transferred from 
Marshall, Illinois, to Rochester, Indiana. 


Hucu D. Miser, geologist in charge of fuels, of the United States Geo- 
logical Survey, Washington, D. C., gave his vice-presidential address before 
Section E, Geology and Geography, of the American Association for the Ad- 
vancement of Science, at Dallas, Texas, December 29. His subject was 
“Quartz Veins in the Ouachita Mountains of Arkansas and Oklahoma.” Fol- 
lowing the Dallas meeting, Miser read his paper before several local geological 
societies. 


Section E, Geology and Geography, of the A.A.A.S., met at Dallas, Texas, 
December 29-31, in joint session with the Texas Academy of Science, the 
Dallas Petroleum Geologists, the Fort Worth Geological Society, the Ameri- 
can Geophysical Union, the Association of American Geographers, and Sec- 
tion H, Anthropology, of the A.A.A.S. The program of the first day’s session, 
probably of interest to most geologists, follows. 

M. M. Leicuron, director of the Illinois Geological Survey Division, 
Urbana, vice-president and chairman of the Section, presided. 

General Papers 

1. OREN F. Evans, University of Oklahoma, Norman: The Origin of 
Spits, Bars, and Related Structures. 

2. W. ARMSTRONG PRICE, consulting, Corpus Christi, Texas: Abandoned 
Pecos Valley Across Reynosa Cuesta, South Texas. 

3. E. H. Setrarps, Bureau of Economic Geology, University of Texas, 
Austin: Progress of Excavating the Odessa Meteor Craters. 

4. H. J. Sawin, Bureau of Economic Geology, University of Texas, 
Austin: Amphibians from the Docum Beds of Crosby and Howard Counties, 
Texas. 

4a. J. Witiis STovaLL, University of Oklahoma, Norman: White River 
Vertebrate Fossils from the Rim Rock Country, Presidio County, Texas. 

5. RoBERT R. WHEELER, Harvard University, Cambridge, Massachu- 
setts: New Mid-Cambrian Ptychoparid, Braintreella. (By title) 

Southwestern Contributions to Geological Science 

6. CuHarRLEs N. Goutp, Norman, Oklahoma: Forty Years of Oklahoma 


Geology. 
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7. ELMER H. Jonnson, Bureau of Business Research, University of Texas, 
Austin: Some Southwestern Contributions to the Earth Sciences. 

8. Hucu D. Miser, U. S. Geological Survey, Washington, D. C.: Quartz 
Veins in the Ouachita Mountains of Arkansas and Oklahoma. 

Stratigraphy and Structure of the Southwest 

W. E. WRaATHER, consulting, Dallas, Texas, presided. 

g. Paut WEAVER, Gulf Oil Corporation, Houston, Texas: The Houston 
Geological Society Exhibit. 

10. CHARLES L. Baker, A. and M. College of Texas, College Station: 
Some Leading Features and Problems of Southwestern Geology. 

11. J. Frep Smiru, Jr., A. and M. College of Texas, College Station: 
Laramide and Later Orogenic Times in the Southeastern Part of the Western 
Cordillera. 

12. Puiuip B. Kine, U. S. Geological Survey, Washington, D. C.: Events 
of Permian Time in West Texas and Their Relation to Regional Tectonics. 

12a. R. L. Bates and C. E. NEEpHAM, New Mexico School of Mines, 
Socorro: Standard Section of the Yeso Formation of Permian Age, Central 
New Mexico. 

13. Epwin D. McKeEer, Museum of Northern Arizona, Flagstaff: Mar- 
ginal Paleozoic Seas of Northern Arizona. : 

14. CHARLES S. Bacon, A. and M. College of Texas, College Station: Pre- 
liminary Report on the Stratigraphy and Structure of the Confusion and 
Conger Ranges, Western Utah. 

15. F. B. PLummer, Bureau of Economic Geology, University of Texas, 
Austin: Summary of Recent Work on the Carboniferous Rocks of the Llano 
Region in Central Texas. 

16. JostaH BrincE, U. S. Geological Survey, Washington, D. C., and 
Vircit E. Barnes, Bureau of Economic Geology, University of Texas, Austin: 
Stratigraphy of the Upper Cambrian, Llano Uplift, Texas. 

17. Vircit E. BARNES, Bureau of Economic Geology, University of Texas, 
Austin: Cretaceous Overlap on the Llano Uplift of Central Texas. 

Section C, Chemistry, included the following papers in the program. 

Ep. W. Owen, of L. H. Wentz (Oil Division), San Antonio, Texas: The 
Applications of Surface Geology to Petroleum Exploration. 

FrepD B. PLumMer, University of Texas, Austin: The Origin of Oil Pools. 

E. E. RosarrE, Subterrex, Houston, Texas: Prospecting for Petroleum. 

Witt1AM L. RussELt, Wells Surveys, Inc., Tulsa, Oklahoma: Recent Ap- 
plications of Nuclear Physics to Problems of Oil Production. 


L. P. Teas announces the opening of an office at 2227-29 Commerce 
Building, Houston, Texas, for consulting work in petroleum geology and 
‘evaluation of oil and gas properties. James I. RmwpLe is associated with him. 
ELIZABETH E. STEPHENSON, formerly with the Gulf Oil Corporation at Pitts- 
burgh, Pennsylvania, is employed in the office. Teas was chief geologist for 
the Humble Oil and Refining Company, and Riddle was chief scout for that 
company. 
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PROFESSIONAL DIRECTORY 


Space for Professional Cards Is Reserved for 
Members of the Association. For Rates Apply to 
‘ A.A.P.G. Headquarters, Box 979, Tulsa, Oklahoma 


CALIFORNIA 


J. E. EATON 
Consulting Geologist 


2062 N. Sycamore Avenue 
LOS ANGELES, CALIFORNIA 


PAUL P. GOUDKOFF 
Geologist 


Geologic Correlation by Foraminifera 
and Mineral Grains 


799 Subway Terminal Building 
LOS ANGELES, CALIFORNIA 


R. L. TRIPLETT 


ERNEST K. PARKS 
Consultant in 
Petroleum and Natural Gas Development 


Contract Core Drilling and 
Engineering Management 
W Hitney 9876 og 10560 Dolcedo Way 


LOS ANGELES, CALIFORNIA 


COLORADO 


HEILAND RESEARCH CORPORATION 
Registered Geophysical Engineers 


— Instruments — 
— Surveys — Interpretations — 


Club Bldg. 


C. A. HEILAND 
DENvER, COLO. 


President 


EVERETT S. SHAW 
Geologist - Engineer 


3131 Zenobia Street 
DENVER, COLORADO 


Exploration Surveys 


COLORADO 


ILLINOIS 


HARRY W. OBORNE 


ELMER W. ELLSWORTH 
Consulting Geologist 


Geologist 
304 Mining Exchange Bldg. 230 Park Ave. Wham Building 
Colorado Springs, Colo. New York, N.Y. 212 East Broadway 
Main 7525 Murray Hill 9-354i CENTRALIA, ILLINOIS 
INDIANA ILLINOIS 
t 
NATHAN C. DAVIES 
L. A. MYLIUS 
Petroleum Geologist and Engineer 


Specializing in Subsurface Conditions and 
Correlations and in Production Problems 


2232 E. Powell, Evansville, Indiana 


140% S. Poplar St. 


Box 264, Centralia, Illinois 
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IOWA 
ALLEN C. TESTER 
Geologist 
State University 
of Iowa, Iowa City 
KANSAS 


Res. office, 137 S. Bleckley Dr. 
R. B. (IKE) DOWNING 


Petroleum Geologist and Microscopist 


Surface Magnetics 

Subsurface Sample Determinations 

Union National Bank Bldg., Wichita, Kansas 
Weaver Hotel, Falls City, Nebraska 


Phone, 2-4058 


L. C. MORGAN 
Petroleum Engineer and Geologist 


Specializing in Acid-Treating Problems 


207 Ellis-Singleton Building 
Wicuita, KANsas 


LOUISIANA 


WILLIAM M. BARRET, INC. 
Consulting Geophysicists 


Specializing in Magnetic Surveys 


Giddens-Lane Building 


SHREVEPORT, La, 


CYRIL K. MORESI 


Consulting Geologist 


Carondelet Bldg. New Orleans, La. 


NEW YORK 
FREDERICK G. CLAPP BROKAW, DIXON & McKEE 
Consulting Geologist Geologists Engineers 
Examinations, Reports, OIL—NATURAL GAS 
Appraisals, Management Examinations, Reports, Appraisals 
x Estimates of Reserves 
50 Church Street Chickasha ~ 
New York Oklahoma 120 Broadway Gulf Building 
New York Houston 
OHIO 
JOHN L. RICH 
Geologist 


Specializing in extension of ‘‘shoestring’’ pools 


University of Cincinnati 
Cincinnati, Ohio 
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xi 


OKLAHOMA 


GINTER LABORATORY 
ELFRED BECK CORE ANALYSES 
Geologist Permeability 
Porosity 
717. McBi Bldg. Box 55 
TULSA. OKLA.” DALLAS, TEX. B. L. GINTER Reserves 
Owner 118 West Cameron, Tulsa 
FREDERICK G. CLAPP R. W. Laughlin L. D. Simmons 
Consulting Geologist WELL ELEVATIONS 
Specialty: Southwestern Oil Problems GHLIN-SIMMONS co 
Field office: New Chickasha Hotel 615 Okishome Building 
CHICKASHA OKLAHOMA TULSA OKLAHOMA 
A. I. LEVORSEN CLARK MILLISON 
Petroleum Geologist Petroleum Geologist 
221 Woodward Boulevard 
TuLsa OKLAHOMA 
TULsA OKLAHOMA 
G. H. WESTBY 
Geologist and Geophysicist 
Seismograph Service Corporation 
Kennedy Building Tulsa, Oklahoma 
PENNSYLVANIA 
HUNTLEY & HUNTLEY 
Petroleum Geologists 
and Engineers 
L. G. HuNTLEY 
J. R. Wyutg, Jr. 
Grant Building, Pittsburgh, Pa. 
TEXAS 


JOSEPH L. ADLER 
Geologist and Geophysicist 


Contracting Geological, Magnetic, Seismic 
and Gravitational Surveys 


901 Esperson Bldg. 
HOUSTON, TEXAS 


D’ARCY M. CASHIN 
Geologist Engineer 
Specialist, Gulf Coast Salt Domes 
Examinations, Reports, Appraisals 
Estimates of Reserves 


705 Nat'l. Standard Bldg. 
HOUSTON, TEXAS 


| 
| 
| 
| 
| 
| 
| 
| 
| 
3 


xii 


Bulletin of The American Association of Petroleum Geologists, January, 1942 


TEXAS 


CUMMINS & BERGER 
Consultants 


Specializing in Valuations 
Texas & New Mexico 


Ralph H. Cummins 


1601-3 Trinity Bldg. 
Walter R. Berger 


Fort Worth, Texas 


E. DEGOLYER 
Geologist 
Esperson Building 
Houston, Texas 


Continental Building 
Dallas, Texas 


ALEXANDER DEUSSEN 
Consulting Geologist 
Specialist, Gulf Coast Salt Domes 


1006 Shell Building 
HOUSTON, TEXAS 


DAVID DONOGHUE 
Consulting Geologist 
Appraisals - Evidence - Statistics 


FORT WORTH, 
TEXAS 


Fort Worth National 
Bank Building 


ROBERT H. DURWARD 
Geologist 


Specializing in use of the magnetometer 
and its interpretations 


1431 W. Rosewood Ave. San Antonio, Texas 


J. E. (BRICK) ELLIOTT 


Petroleum Engineer 


3404 Yoakum Blvd. Houston, Texas 


F. B. Porter R. H. Fash 
President Vice-President 


THE FORT WORTH 
LABORATORIES 


Analyses of Brines, Gas, Minerals, Oil, Inter- 
pretation of Water Analyses. Field Gas Testing. 


82842 Monroe Street FORT WORTH, TEXAS 
Long Distance 138 


W. G. SaviLte J. P. SCHUMACHER A. C. PAGAN 
GRAVITY METER EXPLORATION CO. CECIL HAGEN 

TORSION BALANCE EXPLORATION 

co. Geologist 
Gravity Surveys 
Domestic and Foreign Gulf Bldg. HOUSTON, TEXAS 

1347-48 ESPERSON BLDG. HOUSTON, TEX. 

J. S. HupNALL G. W. PirtLe JOHN S. IVY 


HUDNALL & PIRTLE 
Petroleum Geologists 
Reports 
TYLER, TEXAS 


Appraisals 
Peoples Nat'l. Bank Bldg. 


Geologist 


1124 Niels Esperson Bldg., HOUSTON, TEXAS 
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TEXAS 


W. P. JENNY 
Geologist and Geophysicist 


Gravimetric Seismic 
Magnetic Electric 
Surveys and Interpretations 


1406 Sterling Bldg. HOUSTON, TEXAS 


MID-CONTINENT TORSION BALANCE SURVEYS 
SEISMIC AND GRAVITY INTERPRETATIONS 
KLAUS EXPLORATION COMPANY 
H. KLAUS 
Geologist and Geophysicist 


115 South Jackson 2223 15th Street 
Enid, Oklahoma Lubbock, Texas 


JOHN D. MARR 
Geologist and Geophysicist 
SEISMIC EXPLORATIONS, INC. 


Gulf Building Houston, Texas 


WM. C. McGLOTHLIN 


Petroleum Geologist and Engineer 


Examinations, Reports, Appraisals 
Estimates of Reserves 


Geophysical Explorations 
806 State Nat'l. Bank Bldg., CORSICANA, TEXAS 


DABNEY E. PETTY 
10 Tenth Street 
SAN ANTONIO, TEXAS 


No Commercial Work Undertaken 


ROBERT H. RAY 
ROBERT H. RAY, INC. 


Geophysical Engineering 
Gravity Surveys and Interpretations 


Gulf Bldg. Houston, Texas 


F, F, REYNOLDS 
Geophysicist 
SEISMIC EXPLORATIONS, INC. 


Gulf Building Houston, Texas 


E, E, ROSAIRE 
SUBTERREX 
BY 
Geophysics and Geochemistry 


Esperson Building Houston, Texas 


Frank C. Roper John D. Todd 


ROPER & TODD 


Specializing Wilcox Problems 


527 Esperson Building Houston, Texas 


WEST VIRGINIA 


WYOMING 


DAVID B. REGER 
Consulting Geologist 
217 High Street 


MORGANTOWN WEST VIRGINIA 


E. W. KRAMPERT 
Geologist 


P.O. Box 1106 
CASPER, WYOMING 
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DIRECTORY OF 
GEOLOGICAL AND GEOPHYSICAL 
SOCIETIES 


For Space Apply to A.A.P.G. Headquarters 
Box 979, Tulsa, Oklahoma 


COLORADO 


ILLINOIS 


ROCKY MOUNTAIN 
ASSOCIATION OF PETROLEUM 
GEOLOGISTS 
DENVER, COLORADO 


President - - - H.E. Christensen 
The Texas Company 
1st Vice-President C. E. Erdman 


W. 3; Geological Survey 
2nd Vice-President - on B. Gould 
Colorado College, Colorado do Springs 
Treasurer - 
006 U. S. National Bank “Building 


Dinner meetings, first and third Mondays of each 
month, 6:15 P.M., Auditorium Hotel. 


Copley 


ILLINOIS 
GEOLOGICAL SOCIETY 


President - - + + + L. M. Clark 
Shell Oil Company, Inc., Centralia 


Vice-President - - - - + + C. B. Anderson 
Gulf Refining Company, Mattoon 


Secretary-Treasurer- - - - + Robert G. Kurtz 
The Ohio Oil Company, Marshall 


Meetings will be announced. 


KANSAS LOUISIANA 
KANSAS THE SHREVEPORT 
GEOLOGICAL SOCIETY GEOLOGICAL SOCIETY 
ICHITA. KANSAS 


President - George D. Putnam 
Globe Oil ‘and Refining Com any 

Vice-President - lliam C. Imbt 

Stanolind ‘Oil and Gas Coupany. 

Secretary-Treasurer - - - Stucky 
Cities Service Oil Company 

Manager of Well Log Bureau - Harvel E. White 

Regular Meetings: 7:30 P.M., Geological Room, 

University of Wiehita, first Tuesday of each month. 

Visitors cordially welcomed. 

The Society sponsors the Kansas Well Log Bureau 

act is located at 412 Union National Bank 

uilding. 


SHREVEPORT, LOUISIANA 


President - - James D. Aimer 
Arkansas Fuel. Oil Company 


Vice-President - - Joseph Purzer 
Phillips “Petroleum 


Secretary-Treasurer - - - n D. Robinson 
Atlantic Refining Company, i001 ‘City Bank Bidg. 


Meets the first month, 7:30 
Civil Courts Room, Ca Oo Parish Court 
Special dinner meetings 


MICHIGAN 
MICHIGAN 
GEOLOGICAL SOCIETY 
President - B. Maebius 


ed 
Gulf Refining ‘Company, 


View - Lee C. Lamar 
Carter Oil Company, Mt. Pleasant 

Secretary-Treasurer - - Justin Zinn 
Michigan State College, East ita 

Business Manager - - ee C. Miller 


State Proration ‘Officer, 


Meetings: Second Wednesday of month at 6:30 
p.M., from November to April. Informal dinner 
followed by discussions. Meetings held in rotation, 
at Lansing, Mt. Pleasant, Ann Arbor, Grand Rapids. 
Visiting geologists are welcome, 


SOUTH LOUISIANA GEOLOGICAL 
SOCIETY 


LAKE CHARLES, LOUISIANA 


President - R. Canada 
Stanolind Oil and Gas Company 


Vice-President- - - P H. Jennings 
Magnolia Petroleum Company 


Secretary - - - ‘oa - E. M. Baysinger 


Treasurer e N. M 
Tien Sulphur Co., 


Meetings: Luncheon 1st Wednesday at Noon 
(12:00) and business wnation ¢ third Tuesday of each 
month at 7.00 P.M. at the Majestic Hotel. Visiting 
geologists are welcome. 
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MISSISSIPPI 


OKLAHOMA 


MISSISSIPPI 
GEOLOGICAL SOCIETY 
JACKSON, MISSISSIPPI 


President - - + Tom McGlothlin 
Gulf “Refining “Company, Box 1105 
Vice-President - - - David C. Harrell 
Carter Oil Company, Box 
Secretary-Treasurer - Holston 
Stanolind Oil and Gas nina Box 689 


Meetings: First and third Wednesdays of each 
month ,from October to May, inclusive, at 7:30 
P.M., Edwards Hotel, Jackson, Mississippi. Visiting 
geologists welcome to all meetings. 


ARDMORE 
GEOLOGICAL SOCIETY 
ARDMORE, OKLAHOMA 
President - - Paul L. Bartram 
Phillips “Petroleum Company 
- + George C. Hollingsworth 
Independent 
Secretary-Treasurer - - - Frank Neighbor 
Sinclair Prairie Oil Company 
Asst. Secretary-Treasurer - - - C, E., Hannum 
The Texas Company 
Dinner a will be held at 7:00 p.m. on the 

nesday of every month from October to 
May, lachusive. at the Ardmore Hotel. 


OKLAHOMA 


OKLAHOMA CITY 
GEOLOGICAL SOCIETY 
OKLAHOMA CITY, OKLAHOMA 


President - - - Richard W. Camp 
Consolidated Gas Utilities 
Braniff Building, Box 14 
Vice-President - Dea . McGee 
Kerlyn Oil Company, 2009 First Natl “Bldg. 


Secretar ra -Treasurer- - H. T. Brown 
ties Service Oil Company, ‘Box 4577 


Meetin program each month, subject 
to cal Pro — Committee, Oklahoma City 
University 34th treet and Blackwelder. Luncheons: 
Thursday at 12:00 Noon, Skirvin Hotel 
offee 


SHAWNEE 
GEOLOGICAL SOCIETY 
SHAWNEE, OKLAHOMA 


President - - Robert L. Cassingham 
Amerada Petroleum Corporation 


Vice-President - Laves 
Consulting Geologist, “Aldridge Hotei 


Secretary-Treasurer - + - Martyna Garrison 
Amerada Petroleum Corporation 


Meets the fourth Monday of each month at 8:00 
— at the Aldridge Piotel. Visiting geologists 
welcome. 


THE STRATIGRAPHIC 
SOCIETY OF TULSA 
TULSA, OKLAHOMA 


President - - - Ralph A. Brant 
Atlantic Refining Company, Pang Building 
Vice-President + - - Kilburn E. Adams 


The Texas “Company 
Secretary-Treasurer - Sete W. Lane 
The Pure Oil Company, Box 271 


Meetings: Second and fourth Wednesdays, each 
month, from October to May, inclusive, at 8:00 
P.M. 


TULSA GROLOGICAL. SOCIETY 
TULSA, OKLAH 


oa L. Fer, n 
cada ‘Petroleum 
1st Vice-President -_- - - + Louis H. Lukert 

The Texas Company 
2nd Vice-President- - - - Howard J. Conhaim 
Consulting Geologist 
R. Spahr 
Box 801, “Carter Oil bones 
- Charles Ryniker 
Gulf Oil Corporation 


Meetings: First and third Mondays, each month, 
from October to May, inclusive, at 8:00 P.M., 

University of Tulsa, Kendall Hall Auditorium: 
Luncheons: Every Thursday (October-May), Mich- 
aelis Cafeteria, 507 South Boulder Avenue. 


President - - 
Ame 


Editor - 


TEXAS 
DALLAS 
PETROLEUM GEOLOGISTS EAST 
DALLAS, TEXAS ‘TYLER, TEXAS 
President - - Lewis 
Core Laboratories, Inc., Santa Fe uilding President - - C. I. Alexander 
Vice-President - - C. C. Albritton Magnolia Petroleum Company. mp: 780 


Southern Methodist University 
Secretary-Treasurer - Barney Fisher 
Coronado Corporation 
Executive Committee - - - - Fred A. Joekel 
Magnolia Petroleum Company, Box 900 


Meetings: Regular luncheons, first Monday of each 
month, 12:15 noon, Petroleum Club, Adolphus 
Hotel. Special night meetings by announcement. 


Vice- - B. Wilson 


Sun Oil Company, “Box 807 
Shell Oil Company, Inc., Box 2 


Meetings: Monthly and by call. 
Luncheons: Every Monday at 12:00 noon, Black- 
stone Hotel. 


xv 
| 
t 
| | 
| 
} 
| 
| 


xvi 


Bulletin of The American Association of Petroleum Geologists, January, 1942 


TEXAS 
FORT WORTH HOUSTON 
GEOLOGICAL SOCIETY GEOLOGICAL SOCIETY 
FORT WORTH. TEXAS HOUSTON, TEXAS 
President - - - Carleton S 
President - - Paul C, Dean Consulting Geologist, Second National Bide. 
Consulting Geologist. Ww. T. Waggoner Building « Davis 
Vice-President - - - L. Mohr Pure Oil Company 


Ambassador Oil, Corporation 


f Oil Corporation, Box 1 


Meetings: Luncheon at noon, Worth Hotel, every 
Monday. Special meetings called by executive com- 
mittee. Visiting geologists are welcome to all 
meetings. 


Secretary- - - - - + Wayne Z. Burkhead 
Union Oil Company of California 
1134 Commercial Building 

Treasurer - - - James W. 
rece Petroleum Corporation, Esperson Bldg 
ofcloc) meeting held every Thursday at noon (12 
Mezzanine floor, Texas State Hotel. For 
aioe pertaining to the meetings write or 

pe 1 the secretary. 


NORTH TEXAS 
GEOLOGICAL SOCIETY 


WICHITA FALLS, TEXAS 


President - Robert Roth 
Humble Oil and Refining Company 


Vice-President- - F. E. Melott 
Deep Rock Oil Company 


Secretary-Treasurer- - - Dolphe E. Simic 
Cities Service ‘Oil Company 


Luncheons and evening programs will be an- 
nounced. 


SOUTH TEXAS GEOLOGICAL 
SOCIETY 


SAN ANTONIO AND CORPUS CHRISTI 
TEXAS 


Presiden Gentry Kidd 
Stanolind Oil ‘and Gas Company, San is 
Vice-President - - - + G. B. Gierhart 
Humble Oil and Refining Company, Corpus Christi 
Secretary-Treasurer - - = . W. Hammond 
Magnolia Petroleum Compa ae 1709 Alamo 
National Building, San Antonio 


Meetings: Third Friday ad each month alternately 
in San Antonio and us Christi. Luncheon 
every Monday noon at Mi am Cafeteria, San An- 
tonio, and at Plaza Hotel, Corpus Christi. 


WEST TEXAS GEOLOGICAL 
SOCIETY 


MIDLAND, TEXAS 
President - Robert E. King 
Shell Oil “Company, i 


Vice-President- - - Fred F. Kotyza 
Tide Water Associated Oil —— Box 181 


Secretary-Treasurer - : alter G. Moxey 
Stanolind Oil ‘and Gas 


Meetings will be announced 


WEST VIRGINIA 


THE APPALACHIAN GEOLOGICAL 
SOCIETY 


Godfrey L. Cabot, Inc. ., Box 348 
Vice-President - - - - - H. J. Wagner 
Public Service Commission 
Secretary-Treasurer - - . S. Hyde 
West Virginia Gas Co oration 
Box 404, Charleston, 
Editor - Lafferty 
Owens, Libbey-Owens Gas Department 
Box 1375, Charleston, W.Va. 
Meetings: Second Monday, each month, ex : 
and August, at 6:30 P.M., Kanaw 
ote. 


THE SOCIETY OF 
EXPLORATION GEOPHYSICISTS 


President - H. B. Peacock 
Geophysical Service, Inc., Houston, Texas 


Vice-President - - - + Frank Goldstone 
Shell Oil Company, ‘Inc., Houston, Texas 
Editor - - - - R. D. Wyckoff 
Gulf Research and “Development Company 
Pittsburgh, Pennsylvania 
ee Treasurer - - + William M. Rust, Jr. 
Humble Oil and Refining Company 
Box 2180, Houston, Texas 
Past-President - W. T. Born 
Geophysical Research Corp oration 
Box 2040, Tulsa, Oklahoma 
Business Manager- - - - J. F. Gallie 
P.O. Box 2585, Houston, Texas 
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TRIANGLE BLUE PRINT & SUPPLY COMPANY 


| Representing Complete Reproduction Plant 
W. & L. E. Gurley Instruments Repaired 
| Spencer Lens American Paulin 


12 West Fourth Street, Tulsa, Oklahoma 


TECTONIC MAP OF 
SOUTHERN CALIFORNIA 


R. D. REED and J. S. HOLLISTER 


Map and four structure sections printed in ten colors on durable ledger paper, 27 x 
31 inches. Scale, 1 inch = 1 mile. 


From “Structural Evolution of Southern California,’ Bull. Amer. Assoc. Petrol. 
Geol., Vol. 20, No. 12 (December, 1936). 


PRICE, $0.50, POSTPAID IN TUBE 


| THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA, OKLAHOMA, U.S.A. 


THE 
JOURNAL OF 


Orders are now being taken for the a semi-quarterly 


entire volume at $5.00 or for individual Edited by 
numbers at $3.00 each. Volumes I-XIII 
| can still be obtained at $5.00 each. ROLLIN T. CHAMBERLIN 
The number of entries in Vol. XIII is Since 1893 a constant record of 
1,995. the advance of geological science. 
Articles deal with problems of 
Of these, 465 refer to petroleum, gas, systematic, theoretical, and funda- 
etc, and geophysics. They cover the mental geology. Each article is re- 
world. plete with diagrams, figures, and 
. other illustrations necessary to a 
If you wish future numbers sent you full scientific understanding. 
promptly, kindly give us a continuing 
order, $6.00 a year 


$1.00 a single copy 
An Index of the 10 volumes was issued in ‘ 
May, 1939. Price: $5.00 Canadian postage, 25 cents 


Foreign postage, 65 cents 


Economic Geology Publishing Co. 
Urbana, Illinois, U.S.A. THE UNIVERSITY OF CHICAGO PRESS 
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FIRST IN OIL 
1895 — 1942 


THE 


FIRST NATIONAL BANK AND TRUST COMPANY 
OF TULSA 


THE GEOTECHNICAL CORPORATION 


Roland F. Beers 
President 


1702 Tower Petroleum Building 
Telephone LD 711 Dallas, Texas 


REPORT OF A CONFERENCE ON THE 
ORIGIN OF OIL 


Conducted by the Research Committee, A. |. Levorsen, Chairman, at the 
26th Annual Meeting of the Association, Houston, 
Texas, April 5, 1941 


A Round-Table Discussion by 37 Participants 


A Progress Report Useful to All Interested in 
the Problem of the Origin of Oil 


81 PP. LITHOPRINTED. 8.5 X I! INCHES. PAPER COVER 


PRICE—$1.00—POSTPAID 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA, OKLAHOMA, U.S.A. 
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PRACTICAL PETROLEUM 
ENGINEERS’ HANDBOOK 


SECOND EDITION 
Revised and Enlarged 


By JOSEPH ZABA, E.M.M.Sc. 
and 
W. T. DOHERTY 


This book was written by practical oil men. The tables were compiled so that they can be used 
by anyone to meet practical field situations without further calculations, and will fit 99% of the 
conditions under which the average operator is working in the field. 


The second edition of the PRACTICAL PETROLEUM ENGINEERS' HANDBOOK has been com- 
pletely revised and enlarged. The many changes which have been made during the past two 
years in the Standard Specifications of the American Petroleum Institute, particularly in pipe 
specifications, are incorporated in the new edition. Several tables are rearranged and charts 
enlarged to facilitate their use. Table of Contents and Index are more complete. Also about 90 
pages of new formulae, tables, charts and useful information have been added. 


This handbook was compiled and published for the purpose of saving the time of operators, 
engineers, superintendents, foremen and others. 


TABLE OF CONTENTS 


Chapter | —General Engineering Data 
Chapter —Steam 

Chapter Ill —Power Transmission 
Chapter IV —Tubular Goods 

Chapter V —Drilling 

Chapter VI —Production 

Chapter —Transportation 


Semi-Flexible Fabrikoid Binding, size 6 x 9, 492 Pages. Price: $5.00 Postpaid 


Send Checks to the 


GULF PUBLISHING COMPANY 
P. O. BOX 2608, HOUSTON, TEXAS 
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CURVES 


You CAN RELY ON LANE-WELLS 


ives him far greater detail than 


Electrolog g 
ffered by other logs. 


He’ll tell you Elec- 


trolog cable gets down in the heaviest muds. 


Ask an Operating Man. 
He'll tell you Lane- 


1s 0 


"Il learn that Electro- 


ive. You 
log costs less because it requires less 


t Ask an Execut 
. He knows 


Wells can log agains 


“down 


ie up crew for long. 


tt 


doesn 


time 


pressure with absolute safety 
that with a steel-shrouded cable a secure 


pack-off can be obtained at the well head All three agree that you can rely on Lane- 


Electrolog to give you the best results 


Wells 


without danger to the line. 


under every operating condition. 


Ask a Geologist. He knows that Electrolog 7). 


confidence, is the result of experience. 


curves are characterized by extremely Next time, 


and have the 


Wells 


“call Lane- 


b done right. 


jo. 


sharp definition of formation changes. 


| 


LANE-WELLS. COMPANYS 
\ 
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A continuous complete Multiple 


li wid Shot survey will furnish quick, ac- 
vey data. These surveys can be 
WELL SURVEYING quickly made with one round tri 
in cased or open holes on drill 
ipe or tubing and in uncased 
bales on a sand line. 


DALLAS © LONG BEACH © 


OKLAHOMA CITY © (AFAYETTE «| 
CALIFORNIA, UL 


AND BAROID PRODUCTS HELP TO 
MINIMIZE DRILLING DIFFICULTIES 


accumulated mud servicing knowledge acquired by this 
company in oil fields throughout the United States and 


' 
a Boroid Service Engineers are specialists in mud control. 
Z SK Laboratory trained and experienced in actual drilling 
Ke mud servicing, these men make accurate tests, right 
ea at the well, to determine the perf h isti | 
i’ of the mud. Their recommendations are based on the 


Bs 


foreign countries over a pe*iod of many years. 
Baroid Service Engineers and Baroid Products have 


helped to minimize drilling troubles and cut down 


drilling costs in thousands of wells. Use them to keep 
out of trouble. Both are available in all active oil fields 
of the United States. 


PATENT LICENSES, unrestricted as to sources of supply of 
materials but on royalty bases, will be granted to responsible 
oil companies and operators to practice the inventions of any 
and/or all of United States Patents Nos. 1,575,944; 1,575,945; 
1,807,082 and 1,991,637 and further improvements thereof. Appli- 
cations for such licenses should be made to Los Angeles office. 


BAROID PRODUCTS: BAROID AND COLOX, AQUAGEL, FIBROTEX, BAROCO, STABILITE, AQUAGEL-CEMENT, SMENTOX, BAR bed 1D SA LE s Divi s ! ° N 
ZEOGEL, IMPERMEX, MICATEX, TESTING EQUIPMENT, BAROID WELL LOGGING SERVICE NATIONAL LEAD COMPANY 
BAROID SALES OFFICES: HOUSTON+LOS ANGELES- TULSA 


| 
| OF CONTROLLED DRILLING SERVICE 
| | WELL SURVEYS 4 
| 
a 


~ Western Pioneers 


GAIN WESTERN-—pioneering the makes important savings in explosives. 


\ important advancements in geo- This multi-record innovation ranks in 
physical prospecting—introduces a new and importance with the far-reaching advance- 
EIS important development... Multiple Re- ment of the multi-string camera, which 
volume contre! cording! replaced single string types and opened up 
Completely a ich yn WESTERN'’S new 24-Trace Seismograph extensive new opportunities in exploration 

: ny 45 . the oper sail Unit provides from 2 to 4 complete records technique. 
2 . adil) d b per shot, obtained simultaneously with dif- —- In the new 24-Trace Unit, WESTERN 
of 4 swit rer cirowt vi sb: ferent filters. It permits a more thorough and brings oil operators another important addi- 
3. Newly rd great va man) accurate study of seismograms by placing tion to its modern, complete and dependable 
~ pave P “ factory * nsidered two or more records on a single film. In addi- geophysical service. May we have the op- 
er as beret? tion, it speeds up operations in the field and portunity of presenting complete details? 


Wi GEOPHYSICAL COMPANY 


HENRY SALVATORI, PRESIDENT 


EDISON BLDG., LOS ANGELES, CALIF. * PHILCADE BLDG., TULSA, OKLA. * ESPERSON BLDG., HOUSTON, TEXAS 
CABLE ADDRESS: WESGECO 
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POSSIBLE FUTURE OIL 
PROVINCES 
OF THE 
UNITED STATES AND CANADA 


CONDUCTED BY THE RESEARCH COMMITTEE OF 
THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 


A. I. Levorsen, Chairman 


Contents 
Foreword By A. I. Levorsen 1 
Alaska By Philip S. Smith 8 
Western Canada By Alberta Society of Petroleum Geologists 15 
Pacific Coast States 


By Pacific Section, American Association of Petroleum Geologists 


Rocky Mountain Region 
By Rocky Mountain Association of Petroleum Geologists 37 


Northern Mid-Continent. States By Tulsa Geological Society 76 
West Texas By West Texas Geological Society 95 
Eastern Canada By Geological Survey 
of Canada, Quebec Bureau of Mines, and Newfoundland Geological Society 107 
Eastern United States By Appalachian Geological Society 131 
Southeastern United States By Mississippi Geological Society 143 
Comment 


Economic Geology (Oct.-Nov., 1941).—“Each section deals with geological sec- 
tions, stratigraphy, and structure, and is illustrated by maps and sections, 
and accompanied by selected references. ... The book not only gives a pic- 
ture of the places of future oil discoveries in this vast area, but is also a 
geological handbook of the areas.” 

A.P.I. Quarterly (Oct., 1941).—“The volume indicates no lack of geological struc- 
ke favorable for the accumulation of oil. Essential book for the oil man’s 
ibrary.” 

I.P.A.A. Monthly (Sept., 1941) .—‘“Publication of these reports is opportune. . 
What the geologists have done is to indicate enormous territory that pos- 
sesses geological requisites for oil formation and accumulation.” 

Oil (Oct., 1941).—“It is not only valuable as a reference book, the findings of our 
foremost geologists—but also for its suggestive quality, as a stimulant to the 
imagination, an inspiration to further research in field and laboratory ... 
probably the best bargain in the way of reading matter that the oil man is 
likely to get in a long time.” 


Repaged from the August, 1941, A.A.P.G. Bulletin and bound in 
cloth for practical convenience and permanent reference. 


PRICE, $1.50, POSTPAID ($1.00 TO MEMBERS) 
THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA, OKLAHOMA, U.S.A. 
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Special drafting scales and attachments 
make plotting of profiles quick and accurate. 


Chart for plotting curved ray pa data. 


... are not achieved simply by providing the finest instruments and the 
most modern equipment. Final results can be no better than the interpre- 
tation methods employed. It is a fundamental policy of UNITED that a 
constant examination and improvement of interpretation technique be 
maintained. The success of UNITED surveys proves the soundness of this 
policy. All UNITED seismologists are rigorously trained in the application 


of each proven development in interpretation technique. 


UNITED GEOPHYSICAL CO. 


HERBERT HOOVER JR., PRES. 
1255 East Green St., Pasadena, Calif. % 2406 Esperson Bldg., Houston, Texas 
420 Lexington Avenue, New York, N.Y. % 805 Thompson Bldg., Tulsa, Okla. 
Ruo Mexico No. 74, Rio de Janeiro, Brazil 
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Practical Descriptive 


STRATIGRAPHIC 
TYPE 
OIL FIELDS 


A SYMPOSIUM OF 
THIRTY-SEVEN ORIGINAL ARTICLES 
BY FIFTY-TWO AUTHORS 


Edited by A. I. Levorsen, Tulsa, Oklahoma 
Chairman, A.A.P.G. Research Committee 


Assisted by N. Woop Bass North Mid-Continent States 
Ross L, HEaToNn Rocky Mountain States 
W. S. W. Kew California 
D. Perry OLcott South Mid-Continent States 
THERON WASSON Eastern States 
Fields Described 


CALIFORNIA—Edison and Kern Front fields 

COLORADO—Greasewood field 

KANSAS—Bush City, Chanute, Hugoton, Nikkel, Wherry, Zenith 

KENTUCKY—Big Sinking field 

LOUISIANA—University field 

MICHIGAN—Shoestring gas fields 

MONTANA-ALBERTA—Border-Red Coulee and Cut Bank 

OHIO—Sand lenses 

OKLAHOMA—Davenport, Dora, East Tuskegee, Olympic, Red Fork 

PENNSYLVANIA—Music Mountain, Venango sands 

TEXAS—Bryson, Cross Cut-Blake, Hardin, East Texas, Hitchcock, Hull- 
Silk, Lopez, Noodle Creek, O’Hern, Sand Belt, Seymour, Walnut Bend 

WEST VIRGINIA—Gay-Spencer-Richardson, Shinnston 

WYOMING—Osage field 

ANNOTATED BIBLIOGRAPHY of 125 other fields 


900 pp., 300 illus., 227 references in annotated bibliography 


PRICE, $5.50, POSTPAID ($4.50 TO MEMBERS) 
THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA, OKLAHOMA, U.S.A. 
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An A. A. P. G. Book (1938) Recommended! 


MIOCENE STRATIGRAPHY 
OF 


CALIFORNIA 


By ROBERT M. KLEINPELL 


This Work Establishes a Standard Chronologic-Biostratigraphic Section 
for the Miocene of California and Compares It with the Typical 
Stratigraphic Sequence of the Tertiary of Europe 


WHAT OTHERS HAVE WRITTEN ABOUT IT 


“In spite of any defects it may have, moreover, many of us suspect that Kleinpell’s 
book is of the kind called epoch-making. If so, in 50 or 100 years it will stand out like 
a beacon among its contemporaries and, along with a very few others of them will read 
with a ‘modern’ tang. Oppel’s ‘Die Juraformation,’ or Suess’ ‘Die Entstehung der Alpen,’ 
or to go back to the beginning, De Saussure’s ‘Les Voyages dans les Alpes’ may be cited 
among older geological classics that are now distinguished by this same tang.””—Ralph 
D. Reed in Journal of Paleontology, Vol. 13, No. 6 (November, 1939), p. 625. 


“The Neogene of California is disposed in tectonic basins, about a dozen in number, 
from Humboldt in the north to Los Angeles in the south. About half-way along is the 
Paso Robles basin, and in this lies the Reliz Canyon, which provides the author with his 
type section. The aerial photograph serving as frontispiece shows the area to be sufficiently 
arid to give a practically continuous exposure; but one must admire the painstaking 
determination with which so many successive associations of Foraminifera were col- 
lected, identified and tabulated. Such labour would scarcely have been thought of with- 
out the stimulus which the search for oil has given to the detailed study of Foraminifera. 

“This should be the standard work on the Miocene of California for years to come.” 

A.M.D. in Nature, Vol. 144 (London, December 23, 1939), p. 1030. 


© 450 pages. 

© 14 line drawings, including correlation chart in pocket. 

© 22 full-tone plates of Foraminifera. 

® 18 tables (check lists and range chart of 15 pages). 

® Bound in blue cloth; gold stamped; paper jacket; 6x9 inches. 


PRICE: $5.00, POSTPAID 
($4.50 TO A.A.P.G. MEMBERS AND ASSOCIATE MEMBERS) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA, OKLAHOMA, U.S.A. 
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WE DEPEND ON THE 
REED FOR ALL OUR 
CORING JoBs! 


CORE DRILL 


Operators in every part of the world “Core 

" with Confidence’ with the Reed ‘BR’ Wire ™ 
Line Coring-Drilling Bit on bottom. They have @ 
learned through practice and experience that 
for positive results in hard or soft formations 
they can depend on Reed Core Drills. : 


COMPLETE CORING SERVICE 
The REED KOR-KING CONVENTIONAL 
The REED “BR” WIRE LINE 

The REED STREAMLINED KOR-KING 
FOR SMALL HOLE DRILLING 


HARD AND SOFT FORMATION 
HEADS INTERCHANGEABLE 
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Q 
165 propucine 
FIELDS PRE- 

DICTED PRIUR 
TO DRILLING! 


TAKE ADVANTAGE OF OUR EXPERIENCE 
IN SEISMIC SURVEYS ; 


Back of every G.S.I. report is the cumulative experience 


gained in mapping 165producing fields prior to drilling. : 


Application of this experience has increased the percentage ! 
of discoveries and decreased their cost. Take advantage of 


these successes. G.S.I. is better equipped than ever before 
to serve you and help you reduce YOUR oil finding cost. 


GEOPHYSICAL SERVICE INC. 


EUGENE McDERMOTT, President 


SEISMOGRA 
GEOCHEMICAL SURVEYS 


Branch Offices: Houston, Texas - Jackson, Miss. 


Los Angeles, Calif. @ Tulsa, Okla 
DALLAS, TEXAS 
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Large diameter core recovered. 


Double Core Catcher---same as- 
sembly is used for both hard 
and soft formation coring. 


Hard and Soft Formation Cutter 
Heads fit the same box connec- 
tion in lower end of Working 
Barrel --- easily interchanged 
for varying formations. 


Floating Core Barrel. 
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Replaceable Core Barrel Tip. 


Vent for relieving pressure above 
core as it enters core barrel. 


Plug for keeping Core Barrel 
clean when running in hole. 


Ease of dressing and handling. 
Simplicity and long life of parts. 


Rugged strength of all parts for 
safety. 


OUSTON 


HUGHES TOOL COMPANY  “ 


TEXAS 
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